





signal emitter, we looked into this cellular pathway to unravel possible changes that may

be involved during the development of A431-R cell line.
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Figure 20. EGFR pathway analysis. A431-R sustained proliferative signalling through high levels of
phosphorylated EGFR, AKT and ERK1/2 proteins and radiation-induced secretion of VEGF. A. Proteins were
determined by Western blot in cells under baseline culture conditions (B), EGF stimulation (E) or ionising
radiation (5 Gy). Before cell lysis, cells were treated with 10 ng/mL EGF for 10 min or 6 MV X-rays. a-Tubulin
was used as internal control. Bar chart shows specific protein levels normalized by untreated A431-WT cells
(white bars) versus A431-R cells (black bars). (* p < 0.05; Mann-Whitney test).

The most remarkable finding was that A431-R cells presented higher baseline
levels of phosphorylated EGF receptor, and the AKT and ERK1/2 transducers, linchpin
proteins that are involved in cell growth, mitogenesis, survival, DNA repair ability, and cell
migration. After cell stimulation by the presence of EGF ligand, both types of cell lines
reacted by increasing levels of former oncoproteins, prominently pERK1/2. When A431-
WT cells were treated with ionising radiation, they reacted by increasing the levels of
phosphorylated ERK1/2 proteins, a response that was seen irrespectively of EGF
presence. However, in the A431-R cells, irradiation was not followed by a rise in the
phosphorylated levels of EGFR, AKT or ERK1/2. In fact, a diminution relative to their

baseline levels was observed, especially with respect to EGFR. We speculated whether



A431-R cells did not need to further activate these oncoproteins which were already

hyperactivated at the baseline conditions.

1.3.4. Radiation-induced levels of VEGF secretion

To further evaluate distinct aspects of the radioresistant phenotype, we assessed
the levels of VEGF, a crucial factor in tumour-associated angiogenesis and efficient
tumour blood supply, secretion of which may also be regulated by EGFR and ionising

radiation (Gorski, Beckett et al. 1999; Pueyo, Mesia et al. 2010).
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Figure 21. VEGF determination by the ELISA method at different interval times after 8 Gy. Cells were left to
grow without FBS for 24 h before collecting supernatants at time 0, 24 and 48 h in A431-WT (white bars) and
A431-R cells (black bars). VEGF values were normalized to the cell numbers per dish. Data were obtained from
two independent experiments.

Both types of cells respond to radiation by increasing the secretion of VEGF.
However, as suspected, the release of VEGF in response to radiation was more efficiently
in the A431-R cells. Thus, we concluded that these cells were better adapted to resist
strenuous conditions, such as the oxidative stress induced by radiotherapy, and able to

promote angiogenesis to facilitate their oncogenic potential.



1.3.5. CD44 marker presence

Recently, the cell surface antigen CD44, a putative stem cell marker, has been
functionally validated as a biomarker to predict local control for early laryngeal cancer
treated with radiotherapy, which suggests that this antigen could be a proper surrogate
indicator for radioresistant phenotypes (de Jong, Pramana et al. 2010). As intrinsic
radiation resistance has been associated to cancer stem cells, we checked if there existed
any difference in the proportion of putative cancer stem cells between A431-WT and
A431-R cells. We analyzed by FACS the proportion of CD44"*/CD31*Epcam® cells for each

cell type.
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Figure 22. CD44+/CD31+/Epcam+ expression determination. Flow cytometry detection of CD44'CD31, and
Epcam markers for A431-WT and A431-R cell lines.

We did not found differences between both cell lines in the proportion of cancer
stem cells. We found that in the parental A431-WT cell line, the proportion of
CD44%/CD31"Epcam’ cells was 2.4 %, while for A431-R cells, the proportion was 2.3%.

In addition, we checked by immunofluorescence the expression of CD44 antigen
in the two A431 cell lines and we did not find differential expression between both cell

lines.
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Figure 23. CD44 expression determination. CD44 antigen expression of A431-WT and A431-R cells remained
unchanged. A. lllustrative immunofluorescence microphotographs of the surface marker CD44 under baseline
culture conditions. B. Flow cytometry detection of CD44 marker. The x-axis shows negative and positive gates
for CD44 marker in both types of cells, while the y-axis shows the number of events. AU stands for arbitrary
units.

Thus, this infers that this protein was constitutively expressed in the parental and,

hence, its derived resistant cell line, irrespectively of their grade of radiation sensitivity.

1.3.6. Distribution of the phases of the cell cycle

Finally, because cell cycle distribution can influence in radiation sensitivity, the
distribution of cell cycle phases was examined. It is known that the cells in G2 phase are
more sensitive to radiation and those cells in S phase are less sensitive or more resistant
to radiation. We found that G1 phase was 63.1% versus 67.9%, S phase was 28.3% versus
19.8% and G2/M phase was 8.5% versus 12.1%, for A431-WT and A431-R cell population,

respectively, suggesting a non-relevant variation in cell cycle between cell types.



1.3.7. Methylation of the genome

DNA methylation is the most studied epigenetic mark and CpG methylation is
central to many biological processes. Since cancer has highlighted the contribution to
disease of aberrant DNA methylation patterns, such as the presence of promoter CpG
island hypermethylation-associated silencing of tumour suppressor genes and global DNA
hypomethylation defects, we decided to study if there existed different methylation
patterns between the radioresistant cell line generated (A431-R) and the parental cell line

(A431-WT).

We obtained a list of 36 genes with a difference in the degree of methylation of
more than 50 % between A431-WT and A431-R. From those 36 genes, 13 genes were
hypomethylated (Delta/Beta negative values) in the A431-R cells compared to the
parental ones, and the other 23 genes were hypermethylated in the radioresistant cells

(Delta/Beta positive values).

Delta/Beta | TargetIiD Chr | MAPINFO | Gene Name Reference Gene
0,94 | cg15365500 6149356915 | UST Body
0,77 | cg15082498 1| 65421982 | JAK1 5'UTR
0,76 | cg22084460| 19| 13348050 | CACNA1A Body
0,70 | cg25130590| 18| 77110161 |ATP9B Body
0,68|¢cg21073020| 6169013732 |SMOC2 Body
0,68|cgl11165881| 3 238048 | CHL1 TSS1500
0,65 | cg14198450 9| 78759126 | PCSK5 Body
0,62 | cgl4350197| 18| 35147162 | BRUNOL4 TSS1500
0,62 |cg25329685| 8| 23315749 | ENTPD4 TSS1500
0,61 | cgl8277764 3 239188 | CHL1 5'UTR
0,61 |cg19853833 | 18| 35146668 | BRUNOL4 TSS1500
0,60 | cg00457019| 19 2933421 | ZNF77 3'UTR
0,58 | cg11002851 4| 37455729 | C4dorfl9 5'UTR
0,55|cg01652721| 8| 10755161 | XKR6 3'UTR
0,55|cg06940756| 8| 10927738 | XKR6 Body
0,54 |cgl7845266| 2|238769060 | RAMP1 Body
0,54 |cg24126618 | 19| 39523083 | FBXO27 5'UTR
0,53 |¢cg20060108 | 2102954350 |IL1RL1 5'UTR
0,52 |cgl15779643| 17| 9806785 | RCVRN Body




0,51|cg27180636| 3| 75715783 | FRG2C 3'UTR
0,51|cg21691367| 6151325642 | MTHFD1L Body
0,51|cg27453365| 11|108092316 | ATM, NPAT TSS1500; Body
0,50|cg00323100| 4| 40059856 | N4ABP2 5'UTR

-0,50 | cg19614454 | 6139265575 | REPS1 Body

-0,51 | cg06228648 | 13| 26040175 | ATP8A2 Body

-0,51 | cg25578781 | 11|128446070 | ETS1 5'UTR

-0,52 | cg10040196 | 14100259352 | EML1 TS51500
-0,52 | cg10237765| 17| 9863081 | GAS7 Body; TSS1500
-0,53 | cg14704078 | 13| 49895592 | CAB39L Body

-0,53 | cg06157924| 4 942005 | TMEM175 Body

-0,54 | cg00405190 | 2|175545838 | WIPF1 5'UTR
-0,55|cgl4669361| 6| 32038747 | TNXB Body

-0,61 | cg20549346| 6| 32297806 | C60rf10 Body

-0,62 | cg00101713 | 15| 32984867 | SCG5 Body

-0,62 | cg05431964 | 11 |120853286 | GRIK4 Body

-0,76 | cg03130248 | 1|245524538 | KIF26B Body

The function of proteins encoded by the 13 genes hypomethylated in the A431-R

cell was as follows:

REPS1

ATP8A2

ETS1

EML1

GAS7

RALBP1 associated Eps domain containing 1. May coordinate the
cellular actions of activated EGF receptors and Ral-GTPases. (795 aa).

ATPase, aminophospholipid transporter-like, class 1, type 8A,
member 2. (1188 aa).

Calcium binding protein 39-like. (337 aa).

WAS/WASL interacting protein family, member 1. May have direct
activity on the actin cytoskeleton. Induces actin polymerization and
redistribution. Contributes with NCK1 and GRB2 in the recruitment
and activation of WASL. May participate in regulating the subcellular
localization of WASL, resulting in the disassembly of stress fibers in
favour of filopodia formation (By similarity). Plays an important role
in the intracellular motility of vaccinia virus by functioning as an
adapter for recruiting WASL to vaccinia virus. (503 aa).

Echinoderm microtubule associated protein like 1. May modify the
assembly dynamics of microtubules, such that microtubules are
slightly longer, but more dynamic (by similarity). (834 aa).



CAB39L

TMEM175

WIPF1

TNXB

Céorf10

SCG5

GRIK4

KIF26B

We used the online program STRING (http://string-db.org/), which present a
database of known and predicted protein interactions, including direct (physical) and
indirect (functional) associations. Although we expected to obtain some associations
between those proteins in order to look for a specific pathway involved in one of the
mechanisms underlying resistance to radiation (such as DNA repair proteins, proliferation
pathways effectors...), we found no associations between the proteins whose genes were

hypomethylated in the radioresistant cell line. Neither of the proteins had a role that

Transmembrane protein 175. (504 aa).

Glutamate receptor, ionotropic, kainate 4. Receptor for glutamate.
L-glutamate acts as an excitatory neurotransmitter at many synapses
in the central nervous system. The postsynaptic actions of Glutamate
are mediated by a variety of receptors that are named according to
their selective agonists. (956 aa).

V-ets erythroblastosis virus E26 oncogene homolog 1 (avian).
Transcription factor. (485 aa).

Tenascin XB. (4242 aa).

Putative uncharacterized protein Céorfl10. Putative uncharacterized
protein ENSP00000411164. Putative uncharacterized protein
ENSP00000415864. (193 aa).

Growth arrest-specific 7. May play a role in promoting maturation
and morphological differentiation of cerebellar neurons. (476 aa).

Secretogranin V (7B2 protein). Acts as a molecular chaperone for
PCSK2/PC2, preventing its premature activation in the regulated
secretory pathway. Binds to inactive PCSK2 in the endoplasmic
reticulum and facilitates its transport from there to later
compartments of the secretory pathway where it is proteolytically
matured and activated. Also required for cleavage of PCSK2 but does
not appear to be involved in its folding. Plays a role in regulating
pituitary hormone secretion. The C-terminal peptide inhibits PCSK2 in
vitro. (212 aa).

Kinesin family member 26B. (2108 aa).

could explain the different radiosensitivity between A431-WT and A431-R cells.



The functions of the products of the 23 genes hypermethylated in the A431-R cell

line were as follows:

usT Uronyl-2-sulfotransferase. Sulfotransferase that catalyzes the
transfer of sulfate to the position 2 of uronyl residues. Has
mainly activity toward iduronyl residues in dermatan sulfate,
and weaker activity toward glucuronyl residues of chondroitin
sulfate. Has no activity toward desulfated N-resulfated heparin.
(406 aa).

JAK1 Janus kinase 1. Tyrosine kinase of the non-receptor type,
involved in the IFN-alpha/beta/gamma signal pathway. Kinase
partner for the interleukin (IL)-2 receptor. (1154 aa).

CACNA1A Calcium channel, voltage-dependent, P/Q type, alpha 1A
subunit. Voltage-sensitive calcium channels (VSCC) mediate the
entry of calcium ions into excitable cells and are also involved in
a variety of calcium-dependent processes, including muscle
contraction, hormone or neurotransmitter release, gene
expression, cell motility, cell division and cell death. The isoform
alpha-1A gives rise to P and/or Q-type calcium currents. P/Q-
type calcium channels belong to the 'high-voltage activated'
(HVA) group and are blocked by the funnel toxin (Ftx) and by the
omega-agatoxin- IVA (omega-Aga-IVA). (2506 aa).

ATP9B ATPase, class I, type 9B. (1147 aa).

SMOC2 SPARC related modular calcium binding 2. Promotes matrix
assembly and cell adhesiveness (by similarity). Can stimulate
endothelial cell proliferation, migration, as well as angiogenesis.
(457 aa).

CHL1 Cell adhesion molecule with homology to L1CAM (close
homolog of L1). Extracellular matrix and cell adhesion protein
that plays a role in nervous system development and in synaptic
plasticity. Both soluble and membranous forms promote neurite
outgrowth of cerebellar and hippocampal neurons and suppress
neuronal cell death. Plays a role in neuronal positioning of
pyramidal neurons and in regulation of both the number of
interneurons and the efficacy of GABAnergic synapses. May play
a role in regulating cell migration in nerve regeneration and
cortical development. (1224 aa).



PCSK5

BRUNOL4/CELF4

ENTPD4

ZNF77

C4dorf19

XKR6

RAMP1

FBXO27

IL1IRL1

RCVRN

Proprotein convertase subtilisin/kexin type 5. Likely to
represent a widespread endoprotease activity within the
constitutive and regulated secretory pathway. Capable of
cleavage at the RX(K/R)R consensus motif. (913 aa).

Bruno-like 4, RNA binding protein (Drosophila). RNA-binding
protein implicated in the regulation of pre-mRNA alternative
splicing. Mediates exon inclusion and/or exclusion in pre-mRNA
that are subject to tissue-specific and developmentally regulated
alternative splicing. Specifically activates exon 5 inclusion of
cardiac isoforms of TNNT2 during heart remodeling at the
juvenile to adult transition. Promotes exclusion of both the
smooth muscle (SM) and non-muscle (NM) exons in actinin pre-
MRNAs. (486 aa).

Ectonucleoside triphosphate diphosphohydrolase 4. Hydrolyzes
preferentially nucleoside 5'-diphosphates, nucleoside 5'-
triphosphates are hydrolyzed only to a minor extent. (616 aa).

Zinc finger protein 77. May be involved in transcriptional
regulation. (545 aa).

Uncharacterized protein C4orf19. (314 aa).

XK, Kell blood group complex subunit-related family, member
6. (641 aa).

Receptor (G protein-coupled) activity modifying protein 1.
Transports the calcitonin gene-related peptide type 1 receptor
(CALCRL) to the plasma membrane. Acts as a receptor for
calcitonin-gene-related peptide (CGRP) together with CALCRL.
(148 aa).

F-box protein 27. Substrate-recognition component of the SCF
(SKP1-CUL1-F- box protein)-type E3 ubiquitin ligase complex (by
similarity). (283 aa).

Interleukin 1 receptor-like 1. Receptor for interleukin-33 (IL-33),
its stimulation recruits MYD88, IRAK1, IRAK4, and TRAF®6,
followed by phosphorylation of MAPK3/ERK1 and/or
MAPK1/ERK2, MAPK14, and MAPKS. Possibly involved in helper
T-cell function. (556 aa).

Recoverin. Seems to be implicated in the pathway from retinal



rod granulated cyclase to rhodopsin. May be involved in the
inhibition of the phosphorylation of rhodopsin in a calcium-
dependent manner. The calcium-bound recoverin prolongs the
photoresponse. (200 aa).

FRG2C FSHD region gene 2 family, member C. (282 aa).

MTHFD1L Methylenetetrahydrofolate dehydrogenase (NADP+
dependent) 1-like. May provide the missing metabolic reaction
required to link the mitochondria and the cytoplasm in the
mammalian model of one-carbon folate metabolism in
embryonic and transformed cells complementing thus the
enzymatic activities of MTHFD2 (by similarity). (978 aa).

NPAT Nuclear protein, ataxia-telangiectasia locus. Required for
progression through the G1 and S phases of the cell cycle and
for S phase entry. Activates transcription of the histone H2A,
histone H2B, histone H3 and histone H4 genes in conjunction
with MIZF. Also positively regulates the ATM, MIZF and PRKDC
promoters. Transcriptional activation may be accomplished at
least in part by the recruitment of the NuA4 histone
acetyltransferase (HAT) complex to target gene promoters.
(1427 aa).

ATM Ataxia telangiectasia mutated. Serine/threonine protein kinase
which activates checkpoint signaling upon double strand breaks
(DSBs), apoptosis and genotoxic stresses such as ionizing
ultraviolet A light (UVA), thereby acting as a DNA damage
sensor. Recognizes the substrate consensus sequence [ST]-Q.
Phosphorylates 'Ser-139' of histone variant H2AX/H2AFX at
double strand breaks (DSBs), thereby regulating DNA damage
response mechanism. Also involved in signal transduction and
cell cycle control. May function as a tumour suppressor.
Necessary for activation of ABL1 and SAPK. (3056 aa).

N4BP2 NEDD4 binding protein 2. Has 5'-polynucleotide kinase and
nicking endonuclease activity. May play a role in DNA repair or
recombination. (1770 aa).

No physical or functional associations were found between the proteins whose

genes were hypermethylated in the radioresistant cell line compared to the parental cell



line, using the above mentioned program STRING, except the one between NPAT and

ATM. In fact, NPAT protein positively regulates ATM promoters.

It is of note that the proteins NPAT and ATM were found to be silenciated in the
radioresitant cell line. The fact that those cells have less activity of the ATM protein may
imply that those cells would sense less DNA damage by this protein as they would have
less activation of the checkpoint signalling upon double strand breaks (DSBs), apoptosis
and genotoxic stresses (such as ionizing ultraviolet A light). However, this is not consistent
with the results obtained by PFGE (Figure 15) and H2AX immunofluorescence (Figure 16)
experiments, suggesting that there must be some kind of compensation afterwards:
either an ulterior phosphorylation that activates ATM afterwards or either activity of
other proteins, such as for example ATR, that are also involved in the detection and repair
of DNA damage and compensate the downregulation of ATM. Even if ATM is the first
molecule to be activated in response to DNA damage, and is the responsible for the
immediate and rapid response, ATR binds to DNA in a later phase and maintain the
phosphorylated states of specific substrates. However, ATR also responds to DNA
damages that do not activate ATM, such as treatments with UV radiation, blockade of
replication forks and hypoxia. In those cases, ATR dephosphorylates some of the
substrates from ATM such as p53 and BRCAL. It could be the case for A431-R cells that

ATR or other proteins compensate the silencing of ATM protein.
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Figure 24. Roles of ATM and ATR in signaling through S-phase checkpoints (Abraham 2001)



2. DEVELOPMENT OF A TECHNIQUE TO IRRADIATE MICE BEARING XENOGRAFTS

In this section we reported as results the data obtained through the development
and refinement of a method to irradiate mice bearing xenotumours. Here the focus is the
validation of the method as a technique that works for experimental evaluation of
radiosensitivity of human tumours in vivo. Therefore the core data refers to the health of
mice from the start to the end (months later) of experiments to confirm general feasibility

of the method.

2.1. Considerations

We develop and describe a procedure to deliver fractionated radiotherapy to
xenoimplanted tumours in immunodeficient mice using a medical linear accelerator, a
method that was devised as an alternative to the lack of facilities devoted to radiation

research.

Some important considerations were taken into account:

» Mice were manipulated as mentioned in section 2.3. of Material & Methods
chapter and were evaluated twice a week.

» Non-irradiated mice were subjected to the same procedures (anaesthesia,
transport to the radiotherapy department, anaesthesia reversal).

» No animals were excluded or had received less than 30 Gy in 10 fractions (3
Gy per fraction).

» After radiotherapy tumours grew more slowly and took twice the time to
reach a volume equivalent to non-irradiated animals.

» The most severe observation was always registered, whether it was

reversible or not.



2.2. Animals global health evaluation

In table 3, we describe and summarize the animals’ health during radiotherapy
period and follow-up paying special attention to weight loss, physical appearance of the
animals, clinical signals, alterations in the behaviour, tumour necrosis or local radiation-

induced toxicity.

Control mice (non-irradiated) X-ray-treated mice
Post-therapy period Post-therapy period

Therapy period (n = 13) (n=12) Therapy period (n = 32) (n=31)

Grade score (%) Grade score (%) Grade score (%) Grade score (%)
Supervision parameters 0 3 2 3 (1] 1 2 3 0 1 2 3 (1] 1 2 3
Weight loss’ 76.9 154 7.7 0 833 83 8.3 0 438 469 9.4 0 61.3 355 32 0
Physical aspects* 100 0 0 0 100 0 0 0 100 0 0 0 100 0 0 0
Clinical signals’ ) 100 0 0 0 100 0 0 0 100 0 0 o 100 0 0 0
Behaviour atterations® 100 0 0 0 100 0 0 0 100 0 0 0 87.1 12.9 0 0
Infections 't 100 0 0 - 100 0 0 - 100 0 0 - 100 1] 0 -
Stools™ 100 0 0 - 100 0 0 - 100 0 0 - 100 0 0 -
Tumour necrosis'’ 100 0 - - 917 83 - - 100 0 - - 100 0 - -
Local radiation toxicity™ 100 0 0 0 100 0 0 0 100 0 0 0] 100 0 0 0]

Values are the proportion of an observation expressed in grades related to the total number of animals (n) within the period of follow-up

‘%J’ght loss. Grades: 0 no weight loss; 1 less than 10%; 2 between 10 and 20%; 3 more than 20%

*Physical appearance. Grades: 0 normal; 1 changes in skin colour; 2 paleness and cyanosis; 3 hunching and loss of muscular mass

*Clinical signals. Grades: 0 no presence; 1 hypothermia; 2 bleeding or mucosal secretion in any orifice; 3 abdominal strain and cachexia

*Behaviour alterations. Grades: D no alterations; 1 unable to move normally, 2 impossible to arrive to food /drink; 3 unconsciousness and no response to stimuli
MPercentage of animals with infectious disease. Grades: 0 no infections; 1 animals infected that survived; 2 animals infected that died. Grade 3 not evaluated (NA)
#Stools appearance. Grades: 0 normal; 1 soft stools; 2 visible blood. Grade 3 NA

"Percentage of tumour necrosis. Grades: 0 no tumour necrosis; 1 tumour necrosis. Grades 2 and 3 NA

*L ocal radiation-induced toxicity. Grades: 0 no presence; 1 erythema; 2 exudative lesion; 3 necrosis

Table 3. Evaluation of the quality of life of mice during and after localized irradiation of the tumours in
multiple fractions. Different criteria were analysed.

2.2.1. Mice weight as a surrogate of health

The greatest adverse effect of radiation was the diminution in the initial weight,
which we ascribed to the partial exposure of the inferior right hemiabdomen, too much
close of the tumour to be completely protected from the radiation beam. However, the
weight loss was not remarkable and was limited to grade 1, transitory and not associated
to physical or clinical signs of disease. Also, in the irradiated group, 2 animals (12.9%)
moved abnormally due to tumour growth, but not to local reaction because of radiation.
Interestingly, in non-irradiated mice greater weight loss was observed, which was
attributable to uncontrolled tumour growth. Differences in weight loss between groups,

however, were not significant (Chi-square and Mann Whitney test).



2.2.2. Infections

No infections were observed. Stools and skin/mucosa appearance were
monitored showing no signs of microbiological diseases during radiotherapy period and

follow-up.

The absence of infect—contagious diseases was particularly decisive for the
success of experiments. This provided evidence that the barrier protections used
accomplished the goal of preventing microbiological diseases in these animals. Since
cancer patients are often immunosuppressed, concerns about zoonoses should not be
ignored. Nevertheless, it should be emphasized that the potential risk of zoonoses is
extremely low when good laboratory practices and healthy athymic mice are used. To our
knowledge, there is no report in the medical literature about the incidence of

opportunistic zoonoses in patients treated in such radiation oncology departments.



3. SIMVASTATIN SENSITIZES TO RADIOTHERAPY PLUS CETUXIMAB

3.1. In vitro effects of radiotherapy, cetuximab, and simvastatin

The principal aim of this part of the project was to test whether simvastatin may
increase the therapeutic effect of radiation and cetuximab on tumor growth in xenograft
models derived from human squamous cell carcinomas. Nevertheless we used cancer cell

cultures before to come into in vivo experiments.

3.1.1. Effects on wound healing

It was first evaluated in vitro whether simvastatin could influence cell viability of
cancer cells treated with radiation and cetuximab. We examined immediate effects of

treatments by means of wound healing assay.
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Figure 25. Addition of simvastatin to XRT and C225 treatment decreased cell migration of FaDu cells.
(* p < 0.05; Mann-Whitney test).



Wound Size (% of healed wound)

2h 4h 8h 24 h p-value

Non-treatment 580+ 1.20 10.59 + 1.68 15.55+1.85 36.80+3.23
XRT (3 Gy) 5.61+0.87 9.09+1.37 13.11+2.16 2527 +£2.19 0.077(1)
(225 (30 nM) 517 +1.15 7.83+1.47 11.07+£2.15 18.78 £3.55 0.001 (1)
Simva (15 pM) 2.04 +0.46 6.37+1.73 9.32+1.52 12.75+2.37 0.001 (1)
XRT+C225 514+1.05 893 +1.52 1246+1.73 2166 +2.35 0.001(1)
XRT+C225+Simva 4.20+0.80 6.98+1.36 9.43+£1.58 1236 £1.78 0.001 (1)
0.005 (2)

Cell cultures were treated as indicated in material and methods. Values are mean * SE of 3 independent
experiments each per duplicated. Doses used in the combined treatments are the same as in the single
treatments. p-value (Mann-Whitney test): (1) compared to non-treatment condition, (2) compared to
XRT+C225 alone.

Table 4. Wound healing assays data in FaDu cell line.

Wound size decreased progressively, as wounds were repaired, over a 24-hour
period. All treatments slowed down wound healing, but the rate of healing was lower in
cultures that received 15 uM simvastatin. At 2, 4 and 8 hours after creating the wound,
we found that the presence of simvastatin was involved in the higher inhibitory effects of
the treatments, although differences were not significant. However, when the
observation was extended to 24 hours, differences became more apparent and
statistically significant suggesting that inhibition of cell proliferation rather than cell
migration—the latter being an early event—could have been implicated in this
observation. It is important to note that triple treatment with radiotherapy, cetuximab
and simvastatin was more cytotoxic than radiotherapy and cetuximab without the statin

which indicates a potential role for simvastatin.

We decided to evaluate whether simvastatin also influence cell migration of

radioresistant A431-R cells treated with radiation and cetuximab.
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Figure 26. Addition of simvastatin to XRT and C225 treatment decreased cell migration of radioresistant
A431-R cells. (* p < 0.05 compared to untreated condition; # p < 0.05 compared to XRT plus C225; Mann-
Whitney test).

Wound Size (% of healed wound)

2h 4h 8h 24h p-value
Non-treatment 9.75 £ 0.84 17.23+£1.06 2873+ 1.48 8225+3.29
XRT+(C225 12.00£1.37 20.56+1.76 3419 £2.80 86.73 £4.32 0.190 (1)
XRT+C225+Sunva 7.53=0.72 11.11 £1.00 19.08 £2.44 2645+ 410 0.001 (1)
0.001 (2)

Cell cultures were freated as indicated in material and methods. Values are mean = SE of 3
independent experiments each per duplicated. Doses used in the combined treatments are the same
as in the single treatments. p-value (Mann-Whitney test): (1) compared to non-treatment condition,
(2) compared to XRT+C225 alone.

Table 5. Wound healing assays data in A431-R cell line.

For radioresistant A431-R cells, wound size decreased progressively, as wounds
were repaired, over a 24-hour period. As for FaDu cells, all the treatments slowed down
wound healing, but the rate of healing was lower in cultures that received 15 uM
simvastatin. Both treatments had an inhibitory effect at 8 and 24 hours after creating the
wound (* p-values < 0.05 compared to untreated condition in Figure 26). The presence of
simvastatin was involved in the higher inhibitory effect of the treatment from 4 hours

after creating the wound onwards, with significant differences. Statistical differences



were found between both treatments (# p-values < 0.05 compared to XRT+C225 in Figure
26) at 4 and 8 hours, however at 24 hours differences became more apparent. It is
important to note that triple treatment with radiotherapy, cetuximab and simvastatin
was more cytotoxic than radiotherapy and cetuximab without the statin in this model of
radioresistant cell line, which indicates a potential role for simvastatin in reversing the

resistance in this cell type.

3.1.2. Effects on cell proliferation

To investigate the effects of simvastatin on cell proliferation, we subjected FaDu
and A431-WT cell cultures to the different treatments for longer periods of time of 24, 48
and 72 hours. In both cell lines, cell number increased as a function of time, but FaDu cells

showed higher proliferation rates.
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Figure 27. Effect of the different combinations of radiotherapy, simvastatin and cetuximab on FaDu cells’
proliferation. (* p < 0.05; Mann-Whitney test).
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Figure 28. Effect of the different combinations of radiotherapy, simvastatin and cetuximab on A431-WT
cells’ proliferation. (* p < 0.05; Mann-Whitney test).

FaDu cell line Cell number{los}

24h p-value 48 h p-value 72h p-value
Non-treatment 2.63 £0.24 - 4.39+0.35 - 5.88 £ 0.55 -
XRT (3 Gy) 1.46 £ 0.50 0.062 (1) 2.36+0.26 0.007 (1) 2.93£0.33 0.017 (1)
€225 (10 nM) 2.32 £0.01 0.156 (1) 3.48+0.34 0.121 (1) 426 £0.28 0.071 (1)
Simva (15uM) 2.34 £0.60 0.497 (1) 3.05+£0.35 0.042 (1) 3.09 £0.42 0.017 (1)
XRT+C225 2.11+0.11 0.093 (1) 2.62+0.12 0.003 (1) 2.94 £0.83 0.002 (1)
0.286 (2) 0.670 (2)
XRT+C225+45imva 2.02£0.16 0.071 (1) 2.10+0.14 0.002 (1) 1.52 £0.09 0.002 (1)
0.631 (2) 0.025 (2) 0.004 (2)
C225+5imva 1.24 £0.29 0.027 (1) 1.63+0.21 0.007 (1) 2.02 £0.50 0.007 (1)
A431-WT cell line Cell number (10°)
24h p-value 48 h p-value 72h p-value
Non-treatment 1.89% 0.32 - 2.19+0.15 - 2.97 £0.38 -
XRT (3 Gy) 1.18 £ 0.07 0.136 (1) 1.56 +0.04 0.010 (1) 0.95+0.04  0.010 (1)
€225 (30 nM) 0.81 £0.02 0.011 (1) 1.35+£0.07 0.010 (1) 1.28 £ 0.09 0.010 (1)
Simva (15 uM) 1.49 £ 0.07 0.497 (1) 1.14 £ 0.06 0.010 (1) 0.92 £0.03 0.010 (1)
XRT+C225 1.29 £0.19 0.055 (1) 1.07 £0.14 0.004 (1) 0.98 £0.19 0.006 (1)
XRT+C225+45imva 0.92 £0.03 0.004 (1) 0.34 +0.07 0.004 (1) 0.23 £0.08 0.004 (1)
0.150(2) 0.004 (2) 0.004 (2)
C225+5imva 1.01 £0.03 0.011 (1) 0.53 £ 0.06 0.010 (1) 0.42 £0.04 0.010 (1)

Cell cultures were treated as indicated in material and methods. Values are mean £ SE of 3 independent experiments

each per duplicated. Doses used in the combined treatments are the same as in the single treatments.
p-value (Mann-Whitney test): (1) compared to non-treatment condition, (2) compared to XRT+C225 without simvastatin.

Table 6. Data for FaDu and A431-WT cells from the results obtained in the cell proliferation assays.



In both cell types, cell proliferation was inhibited by all the therapeutic schemes,
an effect that was more obvious as time increased. For individual treatments,
radiotherapy and 15 puM simvastatin alone had the highest effect. Regarding combined
treatments, it is of note that the addition of cetuximab to radiation was not reflected in a
significant decrease of proliferation although these cells were sensitive to cetuximab
alone. On the contrary, we found that the addition of 15 uM simvastatin to radiotherapy
plus cetuximab effectively resulted in a significant inhibition of proliferation, leading at 72
hours to a decrease of 2.7 fold for FaDu cells and 5.5 fold for A431-WT cells compared to
radiation alone, and 1.93 fold and 4.3 fold respectively compared to radiation and
cetuximab (Table 6). Interestingly, the effect of cetuximab and simvastatin on
proliferation was smaller than the effect of radiotherapy, cetuximab and simvastatin
together, in particular at 72 hours after the beginning of treatments. These observations
suggest that cetuximab and simvastatin in collaboration may contribute to weaken cell

recovery from radiation resulting in higher cell killing.

We also checked the effect of the combination of simvastatin with radiation and
cetuximab on the previously generated radioresistant cell line A431-R and compared it to

the conventional treatment of radiotherapy and cetuximab.

. 24h 48h 72h
5.10°
* * *
1 1 1
4.10° J l
|
o ||
o 3.10°
£
3
pd 2.10° |
T
U

? PO

0

‘S:b %, & x, el Ea x"“
& ¢ Q\s“ N $ o § & db“
;\)t ,\X ,\X
§ N N
Figure 29. Effect of the different combinations of radiotherapy, simvastatin and cetuximab on A431-R cells’
proliferation. (* p < 0.05; Mann-Whitney test).



In this third cell line analyzed, the addition of simvastatin to radiation and
cetuximab dramatically also decreased cell proliferation from 24 hours of treatment,

confirming the effect previously observed in FaDu and A431-WT cell lines.

3.1.3. Effects on cell survival

To further verify and extend the results of these wound healing and cell
proliferation assays, the effect of treatments on clonogenic cell survival was evaluated
(Table 7). The analysis was performed with two types of drug exposures in combination
with the same type of irradiation and period of colony formation: drug exposure for 48
hours (24 hours pre-XRT and 24 hours post-XRT), or drug exposure maintained for 14
days. These two different strategies were aimed to discriminate a possible effect of drugs
on cell proliferation during the assay rather than an early clonogenic cell killing effect,
which can be properly assessed without the presence of drugs. The baseline plating
efficiency for FaDu cells and A431 were comparable, 16.76% + 2.48 % and 14.29% * 0.63
%, respectively (Table 7). FaDu cells displayed higher radiosensitivity than A431-WT cells,
and were clearly more sensitive to cetuximab, as previously was noted.
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Figure 30. Effect of the different combinations of radiotherapy, simvastatin and cetuximab on FaDu cells’
survival after 48 hours or 14 days of treatment. (* p < 0.05; Mann-Whitney test).
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Figure 31. Effect of the different combinations of radiotherapy, simvastatin and cetuximab on A431-WT cells’
survival after 48 hours or 14 days of treatment. (* p < 0.05; Mann-Whitney test).

One uM simvastatin was definitely less effective than the doses of simvastatin
utilized in wound healing and proliferation assays. However, it is worth to mention that 1
UM simvastatin used in clonogenic assays is closer to the blood levels achieved in clinical

settings rather than the dose of 15 uM simvastatin.



Clonogenic cell survival (%)

Drugs for 48 h p-value Drugs for 14 days p-value

Non-treatment 100 + 0.00 - 100+ 0.00
XRT (2 Gy) 80.6 + 3.47 0.002 (1) 71.7+137 0.001 (1)
€225 (10 nM) 33.1+£1.31 0.002 (1) 28.2+1.92 0.001 (1)
Simva (1 uM) 87.3+3.48 0.040 (1) 93.1+2.01 0.026 (1)
XRT+C225 47.1+1.78 0.002(1) 2241176 0.002 (1)
XRT+C225+Simva 33.0%1.05 0.002 (1) 13.06 +2.11 0.004 (1)
0.004 (2) 0.010 (2)
C225+5imva 68.0 £ 6.46 0.002 (1) 23.0+2.20 0.001 (1)

A431-WT cell line Clonogenic cell survival (%)

Drugs for 48 h p-value Drugs for 14 days p-value

Non-treatment 100 + 0.00 - 100 + 0.00
XRT (2 Gy) 89.8 £ 0.84 0.037 (1) 78.5+2.57 0.001 (1)
€225 (30 nM) 88.5+ 1.02 0.037 (1) 743+ 4.09 0.001 (1)
Simva (1 M) 87.5+1.30 0.037 (1) 75.6+3.47 0.001 (1)
XRT+C225 92.5+1.14 0.037 (1) 58.0x3.46 0.001 (1)
XRT+C225+5Imva 76.9 £ 3.63 0.037 (1) 44,7 +4.27 0.001 (1)
0.050 (2) 0.009 (2)
C225+Simva 93.7+0.52 0.037 (1) 62.5+3.50 0.001 (1)

Cell cultures were treated as indicated in material and methods. Values are mean + SE. For FaDu and A431-WT cells 2

and 4 independent experiments each per duplicated were performed for 48 hour and 14 days schemes, respectively.

Doses used in the combined treatments are the same as in the single treatments.

p-value (Mann-Whitney test): (1) compared to non-treatment condition, (2) compared to XRT+C225 without

simvastatin.

Table 7. Clonogenic cell survival data for FaDu and A431-WT cells from the results obtained in the clonogenic
assays.

In a 48 hours drug-exposure scheme, combination of radiotherapy, cetuximab
and simvastatin yielded lesser clonogenic cell survival than combination of radiotherapy
and cetuximab. However, in both cell lines, these differences were also associated to an
increase of survival in cells treated with radiotherapy and cetuximab compared to the
effect of cetuximab alone. An early reactive cellular response inducing a compensatory
proliferation could explain this increase of colony formation, which was not seen in the
triple treatment. In 14 days drug exposure experiments, it was found that for the
cetuximab-sensitive FaDu cells the antibody outstandingly reduced cell survival, while the
addition of radiotherapy or simvastatin almost did not increase the effect of cetuximab by
itself. For cetuximab relative resistant A431-WT cells, it was observed that the addition of

simvastatin or radiation to cetuximab significantly decreased colony formation.

Importantly, when simvastatin was added to the long exposure of cetuximab in



combination with radiotherapy, it was caused the largest inhibitory effect in both cell
lines, decreasing radiation cell killing by a factor of 5.5 fold for FaDu cells and 1.75 fold for
A431-WT cells. These figures were 1.7 fold and 1.3 fold compared to radiotherapy and

cetuximab alone, respectively (p-values <0.001).

We also analyzed the effect of the combination of simvastatin with radiation and

cetuximab in 14 days drug exposure experiments on the generated radioresistant cell line

A431-R.
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Figure 32. Effect of the different combinations of radiotherapy, simvastatin and cetuximab on A431-R cells’
survival after 14 days of treatment. (* p < 0.05; Mann-Whitney test).

In A431-R cells, survival was also significantly decreased with the combination of
radiotherapy, cetuximab, and simvastatin. For the parental cell line A431-WT we found
58% of cell survival after 14 days of treatment with radiotherapy and cetuximab.
However, for the resistant A431-R cells, the survival to this same treatment was 69.7%.
Addition of simvastatin to the combination of radiotherapy and cetuximab helped to

revert the resistance of this phenotype, reducing the survival to 56.2%.



Taken together, the in vitro results suggest that simvastatin could decrease cell
proliferation in combination with radiotherapy and cetuximab, being its effect

potentiated in long term drug exposures.

3.2. Effects of radiotherapy, cetuximab, and simvastatin on tumour growth

Because of preliminary in vitro findings indicating a possible activity of simvastatin as
cell proliferation inhibitor in combination with cetuximab and radiotherapy, this study

was continued to investigate simvastatin role in xenografts.

We generated xenografts from FaDu and A431-WT cell lines and followed the

following scheme of treatment with radiotherapy, cetuximab and simvastatin:
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Figure 33. Treatment scheme for the generated xenografts. Treatments begin 7 days after cell inoculation.).
Radiotherapy was administeres from Monday to Friday for 2 weeks. Simvastatin was administered daily (1
mg) for 12 days. C225 was administered twice a week, the first dose being double (1 mg).

Single treatment with simvastatin alone had no effect on tumor growth neither for
FaDu xenografts, nor for A431-WT ones. On the contrary, treatment with cetuximab or
radiotherapy significantly reduced tumor growth compared to untreated tumors,
radiotherapy being the most effective treatment. FaDu-tumors were more sensitive to

radiotherapy and C225 than A431-WT ones, as was also seen in the clonogenic assays.
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Figure 34. Effect on the growth of FaDu and A431-WT xenografts of the single treatments: radiotherapy,
cetuximab and simvastatin. * p < 0.05 compared to untreated condition (Mann-Whitney test).

To focus on the main interest of this study we started experiments irradiating
FaDu-tumors with 3 Gy a day for 10 days in combination with cetuximab in presence or

absence of simvastatin.
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Figure 35. FaDu tumours response to radiotherapy and cetuximab treatment in presence or absence of
simvastatin. (* p < 0.05; Mann-Whitney test).

Irrespectively of simvastatin, radiation plus cetuximab induced a transitory
complete regression of tumors that lasted around 7 days. After that, tumor growth

rebounded, but showed lower rates of regrowth when the animals received simvastatin.

The delay that tumors experienced to have the size the tumors had at the start of
the treatment in mice that received simvastatin was 46 + 5.8 days compared to 29 + 3.2
days in absence of simvastatin (a difference of 17 days; p-value = 0.065). The time that
FaDu-tumors took to triplicate their tumor volume since the start of radiotherapy was
53.7 + 4.4 days versus 42.8 + 1.4 days depending on the presence of simvastatin or not,

respectively (a difference of 11 days; p-value = 0.086).
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Explanations:

(1) Growth delay was measured as the time after irradiation that it took the tumors to

regrow to the size they had at the start of the treatment.

(2) Time the tumours took to triplicate the size they had at the time of the start of irradiation.

Table 8. Tumour growth analysis of FaDu and A431-WT xenografts

We generated tumours from A431-WT cells, but in this case, in order to prevent a

complete response, radiation dose was lowered to 2 Gy a day for 10 days (total dose of

20 Gy).

Tumour volume (mm3)

Figure 36. A431-WT tumours response to radiotherapy and cetuximab treatment in presence or absence of
simvastatin. (* p < 0.05; Mann-Whitney test).
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Contrary to the FaDu xenografts, A431-WT tumors did not achieve a complete
disappearance, but similarly it was found that the mice treated with simvastatin showed
A431-WT tumors with lower rates of regrowth. Consistently with a simvastatin-induced
enhancement in tumor growth inhibition, the growth delay after irradiation for the
tumors treated with simvastatin was 14.4 + 5.9 days in contrast with the mice that did not
receive addition of simvastatin, in which tumor size never decreased below the size the
tumors had at the time of irradiation (p-value = 0.081). In these mice, the time to
triplicate the initial tumor volume was increased if they received simvastatin from 47 +

15.2 days to 60 + 6 days (a difference of 13 days; p-value = 0.539).

We analyzed the effects of the combination of simvastatin with radiotherapy and
cetuximab in tumours generated from the radioresistant cell line A431-R, and we

observed a similar pattern of response.
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Figure 37. A431-R tumours response to radiotherapy and cetuximab treatment in presence or absence of
simvastatin. (* p< 0.05; Mann-Whitney test).

Because in vivo, and in vitro, findings were compatible with the notion that

simvastatin could enhance the antitumor effect of radiotherapy and cetuximab in FaDu



and A431 cells derived tumor, we decided to evaluate if simvastatin could negatively

influence in the biology of these tumors.

3.3. Modifications induced by the therapy in the biology of xenografts

We generated new tumours and sacrifice the mice after 3 days of treatment in
order to obtain short term treated tumours where to analyze the effect observed in the

curves of the tumour growth for every type of cell line analyzed.
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Figure 38. Treatment scheme for the generation of tumour samples for analysis. Mice were treated for 4
days, and then sacrificed to obtain tumour samples.

3.3.1. Simvastatin did not modify the tumours proliferation rate

In order to state if simvastatin influenced in the proliferation rate of the different
xenografted tumours, we evaluated the incorporation of bromodeoxyuridine (BrdU),
which is a synthetic analogue of thymidine. BrdU is incorporated into the newly
synthesized DNA of replicating cells (during the S phase of the cell cycle), substituting for
thymidine during DNA replication. This is why the detection of BrdU is commonly used in

measuring proliferating cells in living tissues.
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Figure 39. BrdU incorporation analysis in the tumours derived from FaDu, A431-WT and A4341-R cells.
BrdU immunostaining with DAPI microphotographs (x60) and BrdU positive cells percentage
quantification (* p < 0.05; Mann-Whitney test).

We observed, for the three different cell lines studied, statistically reduction in
the proliferation rate of tumors treated with radiotherapy and cetuximab disregard of

simvastatin. Although at first sight of the pictures it seemed that addition of simvastatin



to XRT+C225 reduced BrdU rate in A431-WT and A431-R cells, when quantification was

completed no significant differences were found.

3.3.2. Simvastatin increased the apoptosis rate of tumours treated with

radiotherapy and cetuximab

We hypothesized that the observed effect of simvastatin might be related to
apoptosis activation, rather than proliferation. In order to establish whether apoptosis
was increased by simvastatin in FaDu and A431-WT tumors, xenografted tumors were
sampled as previously described. We determined the cleaved caspase-3, a surrogate

marker that indicates irreversible cell death through apoptosis.

DAPI Cleaved Caspase-3

Figure 40. Cleaved caspase-3 determination in FaDu xenografts. Caspase-3 with DAPI microphotographs
and Caspase-3 positive cells percentage quantification. (* p < 0.05; Mann-Whitney test).
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Although the tumors received only 3 days of treatment and the percentages of
apoptotic cells were relatively low, we already found that the number of cleaved caspase-
3 positive cells was significantly higher in FaDu-derived tumors treated with triple

treatment at this time-point (1.99% + 0.20% vs 5.96% + 0.56%; p = 0.0001).



The same observation was made in A431-WT derived tumors (4.40% + 0.62% vs
8.83% + 1.46%; p = 0.005) and for A431-R derived ones (2.89% + 0.30% vs 4.28% + 0.37%;
p = 0.019). In the three cases, the addition of simvastatin to the treatment of

radiotherapy and cetuximab, increased the apoptosis in the tumours.
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Figure 41. Cleaved caspase-3 determination in A431-WT xenografts. Caspase-3 with DAPI microphotographs
and Caspase-3 positive cells percentage quantification (* p < 0.05; Mann-Whitney test).
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Figure 42. Cleaved caspase-3 determination in A431-R xenografts. Caspase-3 with DAPI microphotographs
and Caspase-3 positive cells percentage quantification (* p < 0.05; Mann-Whitney test).
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3.3.3. Simvastatin had no clear effect on neoangiogenesis

We wonder if the addition of simvastatin to the conventional treatment of
radiotherapy plus cetuximab has any effect on the number of blood vessels, so we stained
the tumours for Cluster of Differentiation 31 (CD31, also known as Platelet endothelial
cell adhesion molecule (PECAM-1)). CD31 is used to demonstrate the presence of
endothelial cells in histological tissue sections, and can help to evaluate the degree of

tumour angiogenesis.
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Figure 43. CD31 staining and analysis for FaDu, A431-WT and A431-R derived tumours. Microphotographs of
the immunostaining for CD31 of the samples from the tumours treated for 4 days (20x). Quantification of
the average number of vessels per sample of the three different types of tumours untreated and treated

with the two different treatments.

We observed that FaDu and A431-WT presented different responses to the

treatment of radiotherapy, cetuximab and simvastatin, regarding angiogenesis.

For FaDu cell type we observed that the tumours that received radiotherapy and
cetuximab presented lower number of vessels than the tumours that received this
treatment plus simvastatin, indicating that the inhibitory effect of cetuximab on
neoangiogenesis was shadowed by simvastatin. However, the vessels from the tumours
treated with simvastatin in addition to radiotherapy and cetuximab presented lower

vessel lumen, compared to those tumours treated only with radiotherapy and cetuximab.
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Figure 44. Zoom of the microphotographs of the immunostaining for CD31 for FaDu derived treated for 4
days (20x).

During the past ten years, the classical concept of primary tumours initiating
avascularly then inducing angiogenesis has been challenged by some studies that
suggested that microtumours may initiate growth by exploiting pre-existent vessels, a
process known as vascular co-option. Some authors had described that some tumour cells
can take benefit from already existing big and well structured vessels, instead of creating
new ones de novo. Those vessels are called co-opted and they already exist in normal
tissues. Tumour cells grow around those existing vessels, which they use as their owns to
from a perivascular cuff (Holash, Maisonpierre et al. 1999; Carmeliet and Jain 2000; Zhao,
Yang et al. 2011). This could be the case for FaDu cells. However, when simvastatin is
added to the treatment of radiotherapy and cetuximab, we no longer observed that
effect. Instead, we observed smaller vessels that could be less functional and less efficient
in the conduction of nutrients and oxygen. This could explain why tumours treated with
simvastatin added to the treatment of radiotherapy and cetuximab had a slower tumour

growth.

For A431-WT derived tumours, we observed the same tendency as for FaDu
tumours, to have the inhibitory effect of cetuximab on neoangiogenesis shadowed by
simvastatin, as the number of vessels increased in the tumours that received the triple
treatment. In the case of A431-WT, the size of lumen of the vessels in the tumours
treated with addition of simvastatin, compared to the ones that only received

radiotherapy and cetuximab was similar.



Untreated

Figure 45. Zoom of the microphotographs of the immunostaining for CD31 for A431-WT derived treated for 4
days (20x).

When tumours derived from A431-WT and A431-R were not treated, there were
no differences between both cell lines in the number of vessels, however, when
radiotherapy combined with cetuximab was administered to the tumours, we
appreciated higher number of vessels in the A431-R xenografts than in the A431-WT ones
(Figure 42). The treatment of radiotherapy and cetuximab for A431-R tumours did not
inhibit neoangiogenesis as much as in A431-WT ones. This observation is consistent with
previous results that indicate that radiotherapy elicits a higher VEGF levels in
supernatants of A431-R cultures compared to the A431-WT ones (Figure 21), and that
A431-R cells overexpress pEGFR, pAkt and pErk 1/2 (Figure 20), which means that there
are more competence for cetuximab to inhibit EGFR. However, addition of simvastatin

helped cetuximab to compete for EGFR and reduce the number of vessels.

3.4. Analysis of the EGFR pathway

3.4.1. FaDu cell line molecular analysis

We also investigated whether simvastatin could affect crucial cellular signaling
pathways involved in the malignant phenotype of cancers. We found that the ionizing
radiation elicited the phosphorylation of EGFR on 1086-tyrosine. However, the addition of

simvastatin to XRT did not modify phosphorylated levels of EGFR (Figure 46). In contrast,



C225 had an inhibitory effect on the radiation-induced phosphorylation of EGFR, which
was neither changed in presence of simvastatin, indicating that simvastatin had little
effect on EGFR (at least on phosphorylated tyrosine 1086). Although simvastatin was
inactive on EGFR, we observed a noticeable reduction of the phosphorylation of ERK1/2.
Simvastatin also decrease the activation of pAKT and pSTAT3 but in lesser degree than on

ERK1/2 protein. No effect on the levels of total EGFR, ERK1/2, AKT and STAT3 were found.
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Figure 46. Analysis of the EGFR pathway for FaDu cell line. (*p < 0.05; Mann-Whitney test).

We also determined the cleaved caspase-3 in cultured cells, and we found that
levels of cleaved caspase-3 increased in simvastatin-treated cells in a dose dependent
manner while the levels of pro-caspase-3 remained unchanged. These findings were

consistent with immunohistochemical results in xenografts.
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Figure 47. Caspase-3 determination in FaDu cells. (*p<0.05; Mann-Whitney test).

3.4.2. A431-WT and A431-R cell lines molecular analysis

We investigated whether the EGFR proliferative signaling pathway was also
affected by simvastatin in A431-WT and A431-R cell lines. We corroborate that ionizing
radiation elicited the phosphorylation of EGFR on 1086-tyrosine residue, and that C225
had an inhibitory effect on the radiation-induced phosphorylation of EGFR in both cell

types, as it happened in FaDu cell line.

We observed that simvastatin alone had little effect on EGFR (at least on
phosphorylated tyrosine 1086 residue). However, when simvastatin was combined with
XRT and C225, we observed a decrease in the phosphorylation of EGFR (tyrosine 1086),
compared to the levels of the protein for XRT and C225 condition, and this diminution

reached significance in the case of A431-R cell line (Figures 48 and 49).

The most remarkable observation was the decrease in the phosphorylation of
STAT3 in presence of simvastatin, which was statistically significant for both cell types,
but has a higher impact on A431-R cells. In parallel, we observed that when levels of

phosphorylated STAT3 decreased, the phosphorylation of ERK1/2 increased.
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Figure 48. Analysis of the EGFR pathway for A431-WT cell line. Optical densitometry quantifications (in
arbitrary units) of the protein levels are indicated as fold relative to the untreated condition, bars show
SEM. *p < 0.05 compared to untreated condition, and # p<0.05 compared to XRT plus C225 (Mann Whitney
test).
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Figure 49. Analysis of the EGFR pathway for A431-R cell line. Optical densitometry quantifications (in arbitrary
units) of the protein levels are indicated as fold relative to the untreated condition, bars show SEM. *p < 0.05
compared to untreated condition, and # p<0.05 compared to XRT plus C225 (Mann Whitney test).

3.5.Cholesterol levels analysis

Simvastatin reduces the rates of endogenous cholesterol synthesis by inhibiting

the 3-HMG-CoA reductase. We wanted to check if the statin simvastatin has successfully



inhibited the synthesis of endogenous cholesterol in the mice treated with simvastatin

combined with radiotherapy and cetuximab.

With the help of the group from Dr Albert Morales, from the Hospital Clinic,
cholesterol levels were measured in the tumours derived from FaDu cell line (obtained as

explained in the section 3.3.).
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Figure 50. Cholesterol quantification in FaDu xenografts.

Even if we could appreciate a tendency to have reduced levels of cholesterol in the
tumours that were treated with simvastatin, no conclusion can be made as the number of

samples jeopardized to achieve a statistical analysis robust enough.












DISCUSSION







The work presented here has been divided in three parts. In the first part of this
project of Thesis, it has been demonstrated that, by subjecting culture cells to
fractionated radiation and clonal selection, we were able to obtain a modified cohort of
cells. The ultimate aim of this part was to develop an isogenic resistant cell line which
could be used to identify molecular changes associated with acquired resistance to
radiation and tumour aggressiveness in cancer. The identification and understanding of
such mechanisms is of valuable interest, not only in overcoming radiation resistance, but
also, underpinning the biology of recurrent cancer after radiotherapy. Hence, based on
this knowledge, specific therapies for cancer could be devised. Although a comprehensive
mechanistic study was not undertaken, our study showed that, indeed, relevant

mechanisms associated with resistance to radiation were activated.

It was developed a stable isogenic resistant cell line, called A431-R, derived from
parental A431 cells. The diminution of radiosensitivity in A431-R cells was found to be
comparable to other published studies. Similar decreases in SF2 and a-component of LQ
model were reported in radioresistant isogenic cells derived from OE33 esophagal
adenocarcinoma cells. These changes were also associated with an increased efficiency in
DNA repair (Lynam-Lennon, Reynolds et al. 2010). Equivalent levels of acquired tolerance
to radiation were c found in the resistant version of the human lung adenocarcinoma cell

line, Anip973 (Xu, Gao et al. 2008).

In these already published studies, as well as in our own (de Llobet, Baro et al.
2013), the generated radioresistant cells showed moderate levels of radiation

desensitization, a fact that could raise concers about the clinical impact of theses change.



Classification of human tumours according to clinical radioresponsiveness.
Variation in SF2
Group Representative SF2-Ratio
cancers
A Neuroblastoma, lymphoma, myeloma 0.42
B Medulloblastoma, small-cell lung 0.5
carcinoma )
e Breast, bladder, cervix, pancreas, colo-
C+D 1
rectal, non-small cell lung cancer
B Melanoma, osteosarcoma, glioblastoma, 12
renal carcinoma ’
A431 WT 1
A431 R 1.2

Table 9. Classification of human tumours according to their SF2 as a measure of their clinical
radioresponsiveness. Modified from Deacon et al. Taking as SF2 unit the SF2 of groups C+D (Deacon,
Peckham et al. 1984).

Table 9 shows gradient-related radiation sensitivities with clinical relevance. It
indicates that an apparent low increase in SF2-Ratio shifts radiocurability from the breast
cancer to the resistant melanoma cancer. It should be taken into account that in
fractionated radiotherapy a small variation in radiosensitivity could have a greater effect
on the utterly response than the simple difference in a single fraction, as shown in Figure

14.

Besides radiation resistance, it was evidenced that A431-R cells acquired higher
cloning efficiency and faster growth and migration ability; these properties were
observed to be associated with remarkable baseline levels of relevant oncoproteins and
elevated angiogenic capabilities. The establishement of an estable cell population with
augmented malignat profil such as that described in this part of the Thesis is consistent
with prior researchs. Earlier, our group showed that radiation was found to induce the
emergence of aggressive phenotypes in A431-WT cells (including higher rates of tumor
growth and elevated tumor-associated angiogenesis), changes that were associated to
radioation-induced overexpression of EGFR/MAPK (Pueyo, Mesia et al. 2010). Recently,

similar phenotype was elicited by radiation-induced cell signalling involving the protein



encoded by the receptor c-Met (De Bacco, Luraghi et al. 2011). These findings strongly
suggest that cancer cells may develop adaptive responses to damaging agents, such as
ionising radiation, leading to the gain of molecular mechanisms to protect themselves
from the lethal effects of these agents. Cellular stress regulates distinct genetic and
epigenetic programs that may determine the acquisition of tolerance to radiation and the

biology of cancer cells, as consequence, re-programming cellular machinery.

This notion is supported by new discoveries in radiation resistance:

1. The acquisition of resistance to radiation was found to be associated with
increased levels of reduced state of glutathione, pointing at a better expression
of genes encoding enzymes that maintain glutathione operative (Lynam-Lennon,
Reynolds et al. 2010).

2. Similar meaning would be ascribed to the low levels of intracellular free radicals
observed in isogenic resistant human non-small cell lung cancer cells (Lee, Oh et
al. 2010).

3. In these adjustments, glutathione levels may be a mirror of the re-programming
energy metabolism associated to cancer cells that impinge higher utilization of
glucose and enhancing NADPH production, ready to be used in protronate
glutathione synthesis (Pena-Rico, Calvo-Vidal et al. 2011).

4. The participation of oncogenic proteins such as AKT (through mTOR), RAS or
HIF1la in glycolytic fuelling as a response to oxidative stress (Semenza 2010;
DeBerardinis, Lum et al. 2008) gives additional support to the notion that global
changes are induced by radiation, and they together go beyond the idea of an

isolated phenomenon of resistance.

Radiation-induced resistant cells have also revealed changes attributed to
radiation in transciptome. Upregulation or downregulation of different roster of genes
encoding proteins that are involved in DNA repair and anti-apoptosis, as well as in

motility, invasion and angiogenesis have been reported. However, the representation of



the genes involved in resistance varies, depending on the authors (Fukuda, Sakakura et al.
2004; Xu, Gao et al. 2008; Lee, Oh et al. 2010). Variations in the genetic origin of cells,
methods used to generate the experimental model and the technical differences to
analyze gene expression may all have influenced the diversity of findings. Interestingly,
an experimental design based on isogenic cells, such as the A431-WT and A431-R pair,
could make it more suitable to directly attribute changes in gene regulation to ionising

radiation because isogenic cells were born with the same genetic background.

Keeping in mind the former notion, an epigenetic research was undergone using
A431-R and A431-WT cell populations. A series of genes that were silenced or induced
(up-methylated) in the radioresistant cell subline A431-R were compared to the parental
ones. Few physical or functional associations were found between the proteins whose
genes were hypo or hypermethylated in the radioresistant cell line compared to the
parental cell line. Discussion for the findings related to NPAT and ATM involved in DNA

repair has been provided in the corresponding section of results.

Besides comparisons between genes that resulted in methylation changes
induced by radiation, we wanted to discuss possible associations between the proteins
encoded by genes that suffered epigenetic modifications and proteins involved in the
most common pathways of carcionogenesis (TNF, EGFR, HIFla, STAT3, ERK, TGFB, p53,
Rb, k-RAS, RAF and Myc). The findings are showed in Figure 51:
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Figure 51. Evidence for the associations between the proteins resulting from the genes that were found
hyper or hypomethylated in the A431-R cell line and the main proteins involved in carcinogenesis using
STRING programme (ZHX2 = RAF protein).

The map of potential interactions (Figure 51) considering hypomethylated promoters
indicates that:

1. The transcription factor ETS1, which was found silenced in the radioresistant

A431-R cell subline, was associated with HIF1a, VEGFA (evidence for activation),

MAPK1, ZHX2, and p53 (evidence for binding).



2. Factor EML1, which was also found hypomethylated in A431-R cells, was

associated with VEGFA with evidence of post-translational modification.

For those promoters found hypermethylated, the map indicates that:

1. JAK interacted with EGFR, MAPK1 (evidence for binding), RAF, MYC, TNF, ETS1,
and STAT3 (evidence for binding and for translational modification).

2. ATM was associated with Rb, Myc (evidence for binding), EGFR, and p53
(evidence for binding, for catalysis and for post-translational modification).

3. UST interacted in turn with TGF.

4. RAF acted as a transcriptional repressor form k-RAS, ETS1, STAT3, MAPK1, Myc,
VEGFA (evidence for activation), p53 (evidence for post-translational

modification), TNF, EGFR and JAK1.

However, it is necessary to recognize that the interpretation of these results is
elusive, and complicate to conclude its biological rellevance. Epigenetic studies from
different parental/radioresistant generated pairs would be useful to elucidate which
epigenetic modifications are involved in the acquisition of a more resistant and aggressive
phenotype after a process where a high radiation dose was administered, making the
cells more radioresistant, and provide information of putative targets for acquired

radioresistance.

To further difficult the interpretation of the data derived from transcriptome
and/or methylation pattern, it should be mentioned that the findings using cultured cells
are not influenced by factors such as tumour hypoxia, microenvironment (including
tumour-stroma heterotypic interaction) and angiogenesis that occur in real oncogenesis.
To improve these limitations, further efforts are needed using in vivo experimental

models.



Another important aspect that should be addressed is that the survival of
cancer stem cell population following radiation therapy is rellevant for control of
cancer by radiotherapy (Krause, Yaromina et al. 2011; Nguyen, Murph et al. 2011):
the higher number of cancer stem cells per tumour is, the lower tumour control is
achieved in models of experimental radiotherapy (Baumann, Krause et al. 2009).
Consistently, radioresistance of cancer stem cells compared to non-tumorogenic cells
has been evidenced (Lagadec, Vlashi et al. 2010; Pajonk, Vlashi et al. 2010; Printz
2011; Vlashi, McBride et al. 2009). Following each dose fraction, it has been
proposed, that non-stem cancer cells die and cancer stem cells potentially increase in
number, participating to accelerated repopulation (Gao, McDonald et al. 2013). In
irradiated prostate cancer lines, long term recovery resulted in increased cancer stem
cells properties of the recovered cell population (Cho, Kim et al. 2012). The
progressive selection of well-adapted sublines during fractionated irradiation may

thus be a consequence of the higher survival of the cancer stem cell population.

In the experimental model used in the present work, it was investigated the
expression of the cell surface antigen CD44, a putative stem cell marker functionally
validated as a predictive biomarker of local control for early laryngeal cancer treated
with radiotherapy (de Jong, Pramana et al. 2010). It was not find any differential
expression of CD44 antigen in A431 isogenic cell lines (A431-WT/A431-R), a condition
that can be attributed to the fact that CD44 in this pair of cells was not a variable that
participated in the selective process, being an endorsed skill from the beginning of
the creation of the parental cell line. Similarly, others researchers have analyzed
protein expression of the stem cell markers Oct4, Sox2, and ALDH1 in two isogenic
models of cancer cells (A549-R/ A549-p; SK-BR-3-R /SK-BR-3-p). While Oct4
expression appeared approximately 2-fold increased in SK-BR-3-R compared to SK-BR-
3p cells, expression was similar in A549-R/A549-p cells, and differences in expression

were not observed for Sox2 and ALDH1 in either models. Yet the radiosensitivity of



ALDH1+ cells isolated from the radioresistant subline was significantly reduced when
compared to that of ALDH1+ cells isolated from the patient line (Mihatsch, Toulany et
al. 2011). These cells were also more sensitive to ALDH1 inhibition. These results
suggest that the relevance of ALDH1 for radioresistance needs to be further
investigated. In oesophageal isogenic models, the expression of the stem cells
markers B-catenin, Oct3/4, and B1 integrin gene and protein levels were elevated in

the radioresistant, when compared to the parent line (Zhang, Komaki et al. 2008).

To emphazise the outstanding relevance of isogenic radioresistant cell lines
for the determination of the molecular radiation response several comments should
be addressed. The current laboratory procedures for analyzing these biological events
may however not be readily transferable to a clinical setting. The need for the
discovery of novel prognostic and predictive biomarkers of radioresponse is widely
recognised. A number of possible candidates for markers have been investigated
including changes in DNA damage response and cell cycle checkpoints, the
development of micronuclei, apoptotic events and clonal cell survival. The potential
of these models may however be under-utilised and data to date suggests selection of
a stem-cell like cell population. Future studies using isogenic radioresistant models
should thus explore their stemness properties. These studies may lead to the
identification of novel drug targets and the development of therapeutic agents that

will increase tumour cell sensitivity to radiation therapy.

To further emphasize the utility of isogenic models it should be discussed
several concerns about reirradiation. When cancer recurrences occur, treatment
options must provide the patient with the longest possible interval of good-quality
survival. A consideration of the potential morbidity associated with additional therapy in
relation to the potential survival benefit that might be achieved is required. For patients

who present locally recurrent disease in a previously irradiated field, therapeutic options



are limited, being surgery, the preferred option for those with limited-volume disease.
Although historically, radiation oncologists have been cautious about re-irradiation of
tumour recurrences because of concerns about the risk of late toxicity, particularly
radionecrosis, which can actually occur within the first months after the end of the re-
irradiation, re-irradiation is being revisited as a therapeutic alternative for selected
patients, and a renewed clinical interest can be found (Joseph, Tai et al.). The current
technological advancements in imaging and high-precision radiation delivery, and
available clinical data are changing the nihilistic perception about re-irradiation
(Deantonio, Gambaro et al. 2010; Fogh et al. 2010, Andrews et al. ; Lengyel, Baricza et al.
2003; Grosu, Weber et al. 2005).

Regarding re-irradiation, a major concern is the dose per fraction because of the
severity of the biological effects positively correlates with the size of fraction, both in
tumours and healthy tissues (Joseph, Tai et al.). When the indication for re-irradiation is
not palliative, radiation oncologists prefer daily fractionations around 1.8 or 2 Gy, or even
lower such is the case for hyperfractionation. This general practice is aimed to decrease
toxicity associated to large fractions as anticipated by the linear-quadratic (LQ) model
(Cornforth and Bedford 1987). With respect to LQ, the majority of primary carcinomas,
including lung, rectal and head and neck cancers, have large a/p ratios (= 10 Gy). Large
a/B values, and thefore highly responsive tumours, are associated with tumours
characterized by elevated cell proliferation, single-hit high radioresponsiveness (high a-
component), and little ability to accumulate and repair sublethal damage (low B-
component) (Deacon, Peckham et al. 1984; Fowler 1989; Fowler 2010). Under these
circumstances, multifractionated radiotherapy delivering 2-Gy per day inactivates cancer
cells and allows repairing sublethal damage in non-proliferative tissues leading to well-
established therapeutic indexes. However, in the case of cancers harbouring low o/ ratio
(< 2 @y), the 2-Gy conventional fractionation may not be an ideal scheme. For these
tumours, the LQ model predicts an improved therapeutic ratio with hypofractionation

when a/B of both tumour and normal tissues are similar (Ritter 2008). What can be



inferred and deserved some discussion is if the adaptative radiation changes in o/B
occurring in cells like A431-R would be translatable to the re-irradiation setting, and if it

could be a concern.

In the second part of this project of Thesis, we dealed with four objectives to
administer fractionated radiotherapy to immunodeficient mice in the Radiotherapy
Department of the Duran Reynals’ Hospital. First, the irradiation of healthy tissues around
the tumour was minimized. Second, the standard irradiation principles for human
treatments were fulfilled. Third, the time-consuming and increased efficiency was
reduced by irradiating several mice at a time. Finally, it was easy to reproduce and repeat

on a daily basis by only two people.

This type of work was found necessary to implement experiments using in vivo
models to reduce the gap between in vitro models and clinical setting. It was
demonstrated the feasibility of fractionated irradiation using immunodeficient mice to
evaluate the role of radiotherapy on experimental tumours simulating a clinical setting.
The major contribution of this study, however, was to demonstrate that general or local
effects of irradiation did not jeopardize the tumour radiation-response observation over a
long follow-up. In addition, the absence of infect-contagious diseases was particularly
decisive for the success of experiments. This provided evidence that the barrier
protections used accomplished the goal of preventing microbiological diseases in these
animals. Since cancer patients are often immunosuppressed, concerns about zoonoses
should not be ignored. Nevertheless, it should be emphasised that the potential risk of
zoonoses is extremely low when good laboratory practices and healthy athymic mice are

used.

In the third part of this project of Thesis, we pre-clinically explored whether a
treatment regime involving the addition of simvastatin to XRT and C225 merits further

research. Given the fact that XRT and concurrent C225 is a common treatment for locally



advanced head and neck squamous cell carcinomas, and a significant number of failures

are still a cause of death from cancer, this is a relevant question.

We have shown that the addition of simvastatin significantly decreased
proliferation and clonogenic survival of cells treated with XRT and C225. Moreover, we
used an experimental model with tumor cells derived from squamous cell carcinoma of
the hypopharynx that suggests that simvastatin may increase the antitumor effect of XRT
plus C225— at doses and fractions of XRT that mimic doses administered in the clinical
setting. FaDu cell line from HNSCC overexpresses the EGFR, and the cell line A431 from
squamous carcinoma also overexpresses EGFR, even in higher degree than FaDu cells. For
this reason, A431 cell line seemed to us a good model for cetuximab modelling and the
effects of simvastatin were recapitulated using this cell line validating the notion that

simvastatin may have a role in combination with XRT and C225.

The addition of simvastatin was associated with an increase in apoptosis and a
decrease in the levels of activated ERK1/2, AKT, and STAT3 oncoproteins, a set of
observations that provide support to the higher anti-tumor effects produced by the triple

treatment.

The role of statins in cancer therapy has been reviewed previously elsewhere
(Chan, Oza et al. 2003; Sleijfer, van der Gaast et al. 2005; Hindler, Cleeland et al. 2006;
Gauthaman, Fong et al. 2009). In non-cancerous tissues, statins reduce the proliferation
of the atherosclerotic plague and the chronic inflammatory process associated with
atheromatosis (Schartl, Bocksch et al. 2001). Similarly, simvastatin represses the
proliferation of glomerular mesangial cells, suggesting a preventive role in diabetic
nephropathy, an effect mediated by its interference with isoprenylation of small GTP-
binding proteins (Danesh, Sadeghi et al. 2002). In addition to the anti-proliferative and
anti-inflammatory properties of statins in non-neoplastic tissues, increasing evidence

supports a role for statins in cancer through the inhibition of cancer cell proliferation,



angiogenesis, and metastatic potential. These effects have been proved in numerous
different cell lines derived from myeloid and lymphoblastic leukaemia, neuroblastoma,
rhabdomyosarcoma, meduloblastoma squamous cell carcinoma of the cervix, melanoma,
high-grade glioma, and cancer of the kidney, testis, breast, stomach, prostate and small-
cell lung cancer (Soma, Pagliarini et al. 1992; Dimitroulakos, Ye et al. 2001; Khanzada,
Pardo et al. 2006; Wu, Jiang et al. 2009). Published data indicate that statins can sensitize
cancer cells to chemical drugs such as doxorrubicine, nitrosureas, cis-platin, and 5-
fluorouracil (Wang, Collie-Duguid et al. 2002; Werner, Sacher et al. 2004). Recently, it was
reported that the combination of simvastatin and C225 sensitize colon cancer cells
bearing RAS mutations (Lee, Lee et al. 2011). In combination with XRT, the statin
lovastatin has also been found to have a radiosensitising effect in lung cancer and
osteosarcoma cell lines that express mutated RAS (Sanli, Liu et al. 2011; Miller, Kariko et
al. 1993). Interestingly, several randomized-controlled trials and case-control studies have
found that statins used to lower cholesterol levels may exert a protective effect against
cancer (Gutt, Tonlaar et al. ; Boudreau, Gardner et al. 2004; Graaf, Beiderbeck et al.
2004). In addition, a recent epidemiological study found evidence suggesting that statin
use can reduce cancer-related mortality (Nielsen, Nordestgaard et al. 2012). A number of
clinical trials have investigated the antitumor effect of statins. In one trial, the
combination of 5-fluorouracil and the statin pravastatin was associated with a higher
tumor response and better survival than chemotherapy alone in patients with
unresectable hepatocarcinoma (Kawata, Yamasaki et al. 2001). Similarly, a review carried
out by Hindler et al. described the promising results for statin use in HNSCC and other

types of cancer (Hindler, Cleeland et al. 2006).

An important consideration is that the work done in preparing A431-R and
experimental fractionated radiotherapy was crucial to undertake the third part of this
research. We were able to combined simvastatin with XRT + C225 in the treatment of the
radioresistant generated A431-R, we observed that the initial resistance of these cells to
the treatment is in part reverted. In fact, cell migration, cell proliferation and cell survival

were decreased when simvastatin was combined to the treatment with XRT+C225. In



addition, tumour growth was slowed down when simvastatin was added to XRT+C225
treatment. The model A431-WT/A431-R we have generated can be a useful tool to
examine new treatments directed to revert radioresistance produced from a prior
treatment with radiotherapy. Indeed, the acquisition of radiation resistance based on the
explotation of EGFR/MAPK pathway poses cells vulnerable to C225. The addictive status
of radioresistant cells evidences the existence of an achilles’ heel for further tumour
control with the addition of simvastatin. Treatment effects can be studied in both cell

sublines and comparison with the parental cells could give important information.

To our knowledge, our is the first in vivo study of combined XRT, C225, and statins
to show increased antitumor effects in HNSCC, providing new translational data to
support clinical investigation of statins in radiation oncology. The findings we report are
consistent with the mechanism of anti-cancer action of simvastatin described previously
as monotherapy or in combination with radiation or classical chemotherapies. However,
this is the first report in which simvastatin has been successfully assessed in combination
with an anti-EGFR therapy using xenoimplanted tumors. We have observed that statins
have antiproliferative effects (Chan, Oza et al. 2003; Gauthaman, Fong et al. 2009), and
that they can contribute to cancer cell killing by apoptosis (Khanzada, Pardo et al. 2006;
Wu, Jiang et al. 2009; Lee, Lee et al. 2011; Sanli, Liu et al. 2011). We have also observed
that the levels of ERK1/2, AKT and STAT3 proteins that promote cancer progression were
reduced by simvastatin, a finding that correlated with a loss of cell viability and with
apoptosis. In addition to increasing apoptosis, this decrease in activated ERK1/2, AKT and
STAT3 levels—oncoproteins known to have a role in repairing radiation-induced damage
and, in promoting the development of aggressive malignant phenotypes (Liang, Ang et al.
2003; Pueyo, Mesia et al. 2010; de Llobet, Baro et al. 2013)—could impair the ability of

cancer cells to recover from XRT and C225.

The evidence in the present report warrants further clinical investigation,
although we have to add some comments that deserve a particular mention. We and

others have found significant anti-tumor activity at concentration levels ranging from 1



UM to 25 uM. However, the typical plasma levels to treat hypercholesterolemia are
approximately 10 times lower (Thibault, Samid et al. 1996). This observation raises
additional concerns about statin-induced liver and muscle toxicity, especially given that
only a few clinical trials have been carried out to address this issue. One phase | trial in
patients with HNSCC established that 7.5 mg/kg/day of lovastatin for 2 weeks (the dose
for dyslipidemia is 1 mg/kg/day) followed by a 1-week break was a well-tolerated scheme
(provided that creatinine clearance > 70 mL/min) (Knox, Siu et al. 2005). Nevertheless,
lovastatin doses can be safely escalated (35 mg/kg/day) as long as ubiquinone (co-enzyme
Q) is given concomitantly (Thibault, Samid et al. 1996; Kim, Kim et al. 2001; Knox, Siu et al.
2005). The existing uncertainties about the effective dose of statins in cancer therapy are
aggravated by the fact that lovastatin and simvastatin are administered as inactive
prodrugs, and need to be enzymatically activated to B-hydroxy acid by esterases and
paraoxonases-mediated hydrolysis (Billecke, Draganov et al. 2000). To our knowledge, no
published studies have measured the actual active acid form of simvastatin or lovastatin
in cell cultures and/or in mice—in which liver statins undergo active transformation—to
properly infer the statin dose that should be used in clinical cancer trials. Although clinical
and epidemiological data suggest that relative low plasma concentrations of statins could
be sufficient to achieve an anti-tumor effect, reasonably, new phase | trials with

pharmacokinetic and pharmacodynamic studies are warranted.









CONCLUSIONS







1. Heavy fractionated doses of radiation and clonal selection is a method to
effectively develop an isogenic radioresistant cell lines, and thereafter characterize them

to evaluate both the biology of radiation resistance and treatment.

2. The new isogenic pair A431-WT/A431-R is characterized by the acquisition of an
aggressive phenotype in A431-R cells consisting in greater DNA repair, higher cloning
efficiency, in vitro faster growth and migration ability, remarkable baseline levels of
relevant oncoproteins, elevated angiogenesis capabilities, and a significant decrease in

the a/R ratio.

3. Fractionated irradiation of xenoimplanted tumours is feasibility using a medical
linear accelerator in absence of specific facilities. The method implemented here allowed

studding both the biology and treatment of radiation resistance in tumours.

4. The addition of simvastatin enhances the anti-tumor response of concomitant
XRT and C225 in FaDu cells and A431-WT/A431-R both in culture and in xenoimplanted
tumors. The addition of simvastatin to XRT + C225 decreases cell proliferation, wound
healing, clonogenic survival, regrowth rate of tumours, pAkt, pErkl/2, and STAT3

oncoprotein levels, and increased apoptosis in the tumours.

5. In this preclinical work, we have provided evidence that supports further basic
and clinical investigation of simvastatin in combination with XRT and C225 for HNSCC

disease.
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Purpose: Dally standard doses (= 2 Gy) of fractionated
radiotherapy kill, on average, 50% of carcinoma cells within
a tumor during each round of radiation therapy. Surviving
cells react to radiation by activating genetic and epigenetic
programs to orchestrate an adaptive response. Thus, an
enormous selective pressure operates on surviving cells
through accumulative radiation. By the end of radiotherapy,
cells may have been selected in a Darwinian-manner, conferring
to the residual cancer cell population a real possibility of
containing some cancer cells with proliferative advantages.
Initial complete tumor regression followed by tumor rebound
evidences that only a small number of cells may efficiently
switch these programs on. The aim of our study was te
derive a stable subset of cells through a process that mimics
fractionated radiotherapy to further characterize recurrences.

Materials: A431-cultured cells were progressively treated
with daily rounds of radiation starting with 0.74 Gy and ending
with 3 Gy. As necessary cells were harvested and radiation
stopped until 60-80 % confluence. A total dose of 85 Gy
was administered over a 28-week period. Then, randomly
selected single cells were left to grow as colonies, expanded
and separately cryopreserved. To further characterize these
cells clonogenic assay, western blot analysis and cell marker
determination were performed.

Results: The process of clonal selection allows us to identify
a cell population, which we named "S54, which showed a
significantly increased resistance to radiation compared to
A431 parental cells. While 54 cells showed a baseline cloning
efficiency equivalent to A431 cells, they harbored a sustained
ability to grow in huge colonies even after radiation. 54 cells
displayed higher baseline and EGF-stimulated levels of the MAP
kinase pERK1/2 compared with parental cells. This feature
stood in stark contrast with the low levels of pakt in 54 cells,
both in baseline and EGF-stimulated conditions, indicating
that different signal pathways could be favored during the
selection process. We did not find differences in the expression
of cancer stem cell markers CD44 and CD133 evaluated by
immunofluorescence or flow cytometry techniques.

Conclusions: We conclude that clonal selection by in wvitro
fractionated radiation is a feasible process to obtain a
differentiated cell population, which could be useful to explore
the mechanisms involved in tumor recurrence after radiotherapy.
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Abstract

Introduction Radiation resistance is a major cause of
death in cancer patients. Cancer cells react during radio-
therapy by re-programming specific cell functions that may
confer resistance to radiation. The understanding of this
complex process is hindered due to the lack of appropriate
study models. We describe an experimental development of
a radioresistant isogenic cancer cell line, and its molecular
characterization.
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Materials and methods A431-cultured cells were irradi-
ated for 7 month until 85 Gy. Then, a selected single cell
was left to grow as stable A431-R cell line. Clonogenic
assay was used to determine cell survival, the o and
parameters of the LQ model, and the mean inactivation
dose. The DNA repair ability of cells was evaluated by
pulsed-field electrophoresis method. Differential effect of
fractionated radiation was ultimately tested in xenografts.
Furthermore, we used a wound healing assay, Western blot
for EGFR, AKT and ERK1/2 and ELISA test for vascular
endothelial growth factor (VEGF) secretion. Finally we
explored CD44 marker and cell cycle distribution.
Results The established A431-R cell line showed radia-
tion resistance in clonogenic assays, repair of radiation-
induced DNA fragmentation and xenografted tumours. The
radiation resistance was associated with in vitro higher cell
growth and migration, increased levels of former onco-
proteins, and secretion of VEGF.

Conclusions In this model, the emergence of radiation
resistance was associated with the acquisition of biological
traits that support more aggressive behaviour of cancer
cells. We have generated a model that will be useful for
mechanistic studies and development of rational treatments
against radiation resistance in cancer.

Keywords Development of isogenic cell line model -
Emergence of radiation resistance - Aggressive phenotype
Introduction

In the modern era of radiation oncology, curative potential of
radiotherapy has significantly increased due to new tech-

niques in imaging diagnosis and radiation delivery. How-
ever, locoregional relapses post-radiotherapy treatments are
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still a major cause of death in cancer patients. One expla-
nation for local recurrences is the acquisition by a small
proportion of cancer cells of a radioresistant pattern [1—6].
Furthermore, the cells exposed to ionizing radiation may
develop adaptive molecular mechanisms to become resistant
to radiotherapy [7, 8]. The primary resistance and the
acquisition of effective mechanisms of resistance, together
with the biological pressure of genotoxic effects of radiation,
push irradiated cells through a selective process in which the
most resistant genotypes will be selected in a Darwinian
manner. In the end, it may enable specific genetic, as well as
epigenetic programs that will confer cytoprotective proper-
ties in the cells that survive. Several observations suggest
that tumour adaptation to radiotherapy induces the emer-
gence of radiation resistance and higher malignant pheno-
types that can ultimately determine the clinical outcome of
recurrences after radiotherapy [9-11].

The study of the mechanisms involved in the acquisition
of an aggressive resistant phenotype is complex. In part,
the difficulties are due to the lack of appropriate models in
which the emergence of resistance can be directly attrib-
uted to specific changes that happen during radiotherapy. In
the present report, we describe the process of generating an
isogenic cancer cell line that has a decreased response to
radiotherapy. Furthermore, relevant novel properties of the
biology of this resistant cell line are discussed.

Materials and methods
Cancer cell lines

The human epidermoid carcinoma cell line A431 from the
American Type Cell Collection (LGC Promochem, Barce-
lona, Spain) was used in this study. Cells were maintained
as a monolayer under standard cell culture conditions. We
denominated them as A431-WT cells in our study. Cells
growing in 100-mm plastic dishes were irradiated at room
temperature (RT) using 6-MV X-rays at dose rate of
2.7 Gy/min. Cultures were progressively treated with daily
rounds of radiation over a 7-month period of time, starting
with 0.75 Gy/fraction and ending with 3 Gy/fraction. Irra-
diation was stopped, as necessary, in order to allow for cell
monolayer recovery. The procedure was continued until a
total of 85 Gy had been delivered. Next, single cell sus-
pension (1,000 cells per 60-mm dishes) were plated and
allowed to grow as macroscopic colonies. We next grew the
cells from the colony that showed the most vigorous growth
to the confluence and expanded them while the remainder of
the cells was not further characterized. These selected cells
were used for the present study and were denominated as
A431-R and were compared to the parental A431-WT from
which they were derived.

@ Springer

Estimation of radiosensitivity and LQ model

To determine the radiation sensitivity of the cells, clono-
genic assays were performed. Briefly, cells were planted in
60-mm dishes 24 h before receiving irradiation in single
doses of 0, 2, 4, 6 or 8 Gy. Cells were allowed to prolif-
erate for 14 days and then stained with crystal violet. The
respective surviving fractions (SF) were calculated as the
ratio between the number of colonies following irradiation
and the number of cells plated, which were then normal-
ized by the clonogenic efficiency of non-irradiated cells.
To estimate the o and f§ parameters of the LQ model, we
used the least square regression method of the function
Y = —(aD + BD?) from the natural logarithm of surviving
fractions. We evaluated differential radiosensitivity by
means of the surviving fraction after 2 Gy (SF2), LQ
model, and mean inactivation dose (D) between 0 and 8 Gy
as described by Tucker [12].

Pulsed-field gel electrophoresis

Cell cultures were irradiated with 45 Gy, and then cells were
mixed with 1 % agarose at 0, 1, 2, 4, 8 or 24 h after irradi-
ation to form cell plugs. Cell plugs were lysed and loaded
into a gel to determine residual—post-repair—radiation-
induced DNA fragments using pulsed-field electrophoresis
method (PFGE), as we described previously [13].

Tumour xenografts

To generate tumour xenografts, 10° A431-WT or 10° A431-
R cells suspended in 100 pL of medium were injected into
subcutaneous tissues on the right thigh of athymic mice.
Previously, cultures were trypsinized, cells counted and
properly diluted in growth medium for injection and kept on
ice. Tumour growth was measured twice weekly until
tumours reached 1,500 mm? in size. Tumour size was cal-
culated using the formula: 7/6 x (large diameter) x (small
diameter)”. Animal models used in this study were
approved by the institutional animal care and ethics com-
mittee and in accordance with its guidelines. Six- to eight-
week-old female athymic Swiss nu/nu mice were purchased
from Harlan (Gannat, France) and were housed under
pathogen-free conditions at our facilities (AAALAC
accreditation number 1,155).

Irradiation of xenoimplanted tumours

To irradiate the tumours (n = 5 for A431-WT and 5 for
A431-R), we used a 6-MV photon beam from a Varian
Clinac 2100 linear accelerator delivering 10 fractions of
3 Gy each in 2 weeks, starting on Monday and ending on
Friday. This dose of 30 Gy was delivered at 2.7 Gy/min at
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the isocenter of the beam. Appropriated bolus was provided
for electronic equilibrium at the entrance and the exit of
beam. Radiotherapy was limited to the right thigh. In vivo
dosimetry was performed by means of radiochromic films
which showed less than 3 % variation in the prescribed
dose. Prior to tumour irradiation, the mice were anaesthe-
tized by an intraperitoneal injection (1 mL/kg of each
solution: 50 mg/mL ketamine and 1 mg/mL medetomi-
dine). Upon completion, 5 mg/mL atipamezole was deliv-
ered to reverse the effects of the anaesthesia [14]. A
complete mock process was performed on non-irradiated
mice that served as experimental controls (n = 5 for A431-
WT and 5 for A431-R).

Wound healing assay

A431-WT and A431-R cells were seeded in 6 cm diameter
plates and cultured until confluent. After 12 h of culture in
foetal bovine serum (FBS)-free medium, the petri dishes
were scratched with a 200 pL pipette tip to imitate a
wound. After several washing and removal of floating cells,
the distances between cell margins were measured at 0, 1,
2, 3, 6 and 24 h using specialized software (Leica, Wetzar,
Germany). Three independent assays, done in duplicate,
were conducted.

Immunoblotting

We performed a standard Western blot method to determine
levels of specific proteins. Cultures were maintained without
FBS for 24 h before treatment with radiation or epidermal
growth factor (EGF) ligand (Sigma-Aldrich, St. Louis, MO,
USA). Following treatment, equal amounts of protein
(30 pg) were separated by SDS-PAGE and blotted onto
nitrocellulose membranes, which were incubated with a
rabbit anti-phosphorylated (Tyr992) EGFR antibody (EGFR
pY992) (Sigma-Aldrich) at a 1:1,000 dilution; mouse anti-
phosphorylated (Thr183 and Tyr185) MAP kinase ERK1/2
monoclonal antibody (pERK1/2) (Sigma-Aldrich) at a
1:5,000 dilution, and a rabbit anti-phosphorylated (Ser473)
AKT polyclonal antibody (Cell Signaling, Danvers, MA,
USA) at a 1:500 dilution in blocking solution overnight at
4 °C, as previously described [11]. Optical densitometry
quantification of the Western blot protein levels was per-
formed using Quantity One Software (Bio-Rad Laborato-
ries, Hercules, CA, USA), then the results were represented
on a histogram.

Levels of VEGF secretion
To measure the levels of vascular endothelial growth factor

(VEGF) secretion, cells were plated in 6-mm dishes
(1 x 10° cells per dish) and allowed to grow in a complete

medium for 24 h. Next, cultures were rinsed twice with
PBS buffer and incubated in FBS-free medium for 24 h.
The cells were then irradiated with a single 8 Gy dose.
Supernatants were collected at 0, 24 and 48 h. VEGF was
determined in the supernatants by means of an enzyme-
linked immunoabsorbent assay ELISA (R&D Systems Inc,
Minneapolis, MN, USA) as described by Pueyo et al. [11].

CD44 determination

The cell surface marker, CD44, was determined by a stan-
dard IF process. Sterilized cover slips were put into 60-mm
petri dishes, and then A431-WT or A431-R cells were
seeded and cultured in full medium. After 48 h, the cells
were fixed with 4 % neutral buffered formaldehyde, washed
(0.1 % triton in PBS for 10 min) and incubated for 1 h with
a protein-blocking solution (20 % serum goat and 20 %
serum horse in 1X PBS). Next, the slides were incubated
with a mouse anti-CD44 (156-3C11) monoclonal antibody
(Cell Signaling) at 1:100 dilution overnight at 4 °C. To
detect primary antibody, cover slips were incubated with
Alexa Fluor 488-conjugated goat anti-mouse secondary
antibody (Invitrogen, Carlsbad, CA, USA) at a 1:1,000
dilution for 1 h at RT. Counterstaining and fluorescence
images were produced using a previously described method
[13]. Additionally, CD44 detection was measured by flow
cytometry using anti CD44-APC (1:12.5; BD Biosciences
Pharmingen, San Diego, CA, USA) antibody in 100 pL
PBS 0.5 % BSA and 2 mM EDTA. After incubation for
30 min at 4 °C, cells were washed with 0.5 % BSA 2 mM
EDTA, and then the cells were re-suspended in 300 pL
PBS, 2 % FBS and 2 mM EDTA. Flow cytometry quanti-
fication of CD44 positive cells was performed with a BD
FACSaria III cell sorter and BD FACSDiva software (BD
Biosciences Pharmingen).

Cell cycle analysis

A standard iodine propidium staining method was used to
assess the cell cycle phase distribution of A431-WT and
A431-R cells. Flow cytometry analysis was performed with
a BD FACSCalibur cell sorter, and BD Cellquest Pro plus
(BD Biosciences Pharmingen) and ModFit LT3.2 (Verity
Software House, Topsham, ME, USA) softwares.

Statistics

Results were expressed as mean =+ standard error (SE).
Statistically  significant differences in-between-group
comparisons were defined using a two-tailed significance
level of p < 0.05. The Statistical Package for Social Sci-
ences, version 13.0 (IBM, Madrid, Spain) was used for data
analysis.
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Results

Fractionated irradiation and clonal selection induced
radiation resistance in the A431 cell line

Radiosensitivity was significantly decreased in the new
A431-R cell line. The initial shape of survival curve for
A431-R cells showed a higher shoulder than parental
A431-WT cells (Fig. la), and the mean SF2 value rose
from 0.62 to 0.75 (p = 0.024). The potential effect of
successive fractions of 2 Gy is illustrated in Fig. 1a, where
the effect of a single dose of 2 Gy is repeated 4 times,
assuming that no additional repair took place between
fractions in either type of cells. To further evaluate varia-
tions in radiosensitivity, the o/f ratio of LQ model and the
mean inactivation dose were calculated from the surviving
fractions after single doses of 0, 2, 4, 6 or 8 Gy. The o/f8
ratio was reduced from 12 Gy for parental cells to 4.6 Gy for
the resistant cells, at the expense of decreasing a-component
and increasing fi-component, indicating a higher ability to
repair sub-lethal damage in the A431-R cells, and thus,
having increased resistance to radiotherapy (Fig. 1b). The
mean inactivation dose was also increased from 3 to 3.5 Gy
in A431 cells.

In light of these results, and, because DNA repair is a
crucial determinant of radiosensitivity, we decided to
determine whether A431-R cells acquired an increased
ability to repair DNA. In A431-R cells, we found a
significant diminution of residual DNA fragments, mea-
sured by PFGE, indicating that in these cells the rejoin-
ing of radiation-induced DNA fragments was more
efficient than A431-WT cells (Fig. 2). This functional
finding provides further support to radiation resistance in
A431-R cells.

Finally, to validate the in vitro findings and definitively
establish relative radiation resistance in A431-R cells, we
evaluated the effect of fractionated radiotherapy on the
growth of xenografted tumours. Seven days after cell
injection all animals exhibited tumour growth in the sub-
cutaneous tissues of the right thigh. The average tumour
size (n = 20) was of 51.30 + 8.8 (in mm®) for A431-WT
cells and 30.73 £ 7.4 for A431-R cells (p = 0.11). At this
point in time—just before radiotherapy—no significant
differences were found in the size of tumours irrespectively
of the treatment (non-irradiated vs. irradiated) or origin of
the cells (parental vs. resistant).

Without irradiation, tumours exponentially grew as a
function of time showing a similar pattern for both types of
cells. At day 21, the parental tumours measured 1,120 +
151.4 and those from resistant cells 1,092 &+ 250.5. In
contrast, the size of the tumours that received radiation was
significantly decreased to 226.4 4+ 43.6 and to 401.6 £+
53.4, respectively. This observation indicates that tumour
growth was inhibited by radiation in both types of cells.

Importantly, at the ending of radiotherapy the size of
resistant tumours was 1.8 (401.6/226.4) times larger than
that of tumours from parental cells. This difference was
maintained or increased during the follow-up, which was
calculated to show statistical significance (Fig. 3). Greater
growth delay and slower re-growth were observed in the
parental tumours compared to tumours derived from
resistant cells, although the differences in these cases did
not reach a p value below 0.05 (see Fig. 3 for explana-
tions). These results indicate that tumours derived from
A431-R cells were less affected by radiation, allowing the
cells to proliferate, and together with the earlier in vitro
findings, there is a strong suggestion that these cells are
effectively radiation resistant.

Fig. 1 The radiosensitivity of A B
A431-R cells was lower than
A431-WT. a Representation of 1 AB-WT A431-R
cell response to radiation after 0.75 - Radiosensitivity P.value*
four separated doses of 2 Gy
each for A431-WT cells 0.62 SF2 0.62+0.034 075+0036  0.024
(circles) and A431-R cells
(squares). b Radiosensitivity of 26y a-component 0.24+0.03(Gy”")  0.14£0.02 (Gy™) 0.024
ﬁ‘;‘:sl -ya?u:fziﬁc?festlﬂ?x;:n B-component  0.02:+0.005(Gy? 0.03+0.003(Gy?) 0490
of nine experiments done in D 3.00£0.14Gy)  3.50£0.10(Gy) 0.015
triplicate, and bars show the afratio 12 (Gy) 46 (Gy)
standard error (*p < 0.05;
Mann—Whitney test) Abbreviations: SF2=Surviving Fraction after 2Gy; a- and
0.10 B-components=coefficients of the linear-quadratic
equation; D=mean inactivation dose calculated as the
area under clonogenic cell survival curve between 0
and 8 Gy; a/p ratio=the dose at which cell killing
- . 1 participation is the same for non-reparable single hit
0 killing and cell death due to sublethal lesion satura-

Dose (Gy)
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A Hours after 45 Gy
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Fig. 2 The ability of rejoining radiation-induced DNA fragments was
higher in A431-R cells. a Representative pictures from PFGE
showing different degrees of DNA breakage as smears of variable
intensity. To permit DNA repair, cells were cultured as adherent
monolayer for 0, 1, 2, 4, 8 or 24 h after irradiation (45 Gy).
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Fig. 3 The effect of radiation therapy was lower in xenografts
derived from A431-R cells. Tumour growths corresponding to A431-
WT cells (circles) and A431-R cells (squares) are shown for non-
irradiated (unshaded) and irradiated tumours (solid symbols). 30 Gy

Changes involved in the radioresistant phenotype
of A431-R cell line

Since we observed that A431-R cells were less radiosen-
sitive than A431-WT cells, we decided to further charac-
terize the phenotype of these resistant cells. The baseline
clonogenic efficiency of the A431-R cells was 0.19 £ 0.01
compared to 0.12 £ 0.02 of parental wild type cells
(A431-WT) (p < 0.05; Mann—Whitney test), indicating
that A431-R cells had slightly greater capacity of surviving

193
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Hours after 45 Gy

b Rejoining was normalized to untreated cells. A431-WT cells
(circles) versus A431-R cells (squares). AU stands for arbitrary units.
Values indicate the mean of three independent experiments and bars
show the standard error (*p < 0.05; Mann—Whitney test)

Characteristics of the growth of the tumours in mice treated with radiotherapy

A31-WT A31-R P -value*
Size of tumours at the
beginning of radiotherapy,at 6884103 502475 0.151
day7 (inmm3)
Size of tumours at the end
of radiotherapy, at day 21 0641838 40161534 0032
fintm’)
Growth delay (in days) 71425 24115 022
Growth rate during the tumour
oy M6 BI8T 0

Explanations: (1) Growth delay was measured as time it took for tumours to reach the
size they had at the end of radiotherapy.

(2) Growth rate was calculated by the least square regression method using raw data
from the smallest tumour size after beginning radiotherapy to the end of follow- up
(rang e 21t0 42 days after cell injection). Values are the mean SE of 5 tumours per
cellular type.

in 2 weeks, 5 fractions of 3 Gy/week, was administered using 6 MV
X-rays, from day 7 to day 21. In the growth curves, symbols indicate
the mean of five tumours and bars show the standard error (*p < 0.05
compared to parental tumours; Mann—Whitney test)

as single cells. In addition to an increased ability to
anchorage and succeed as a cell culture, the A431-R cells
formed colonies of remarkable size—most of them with a
lower staining, which suggested an increase in the cyto-
plasm rather than a greater number of cells—, as depicted
in Fig. 4a, which together with clonogenic efficiency,
suggested that theses cells could be potentially more
aggressive than were earlier. To further explore the emer-
gence of cellular traits that enable cells to exhibit malig-
nant type of behaviour, we decided to determine the ability
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Fig. 4 In vitro, A431-R cells showed a higher growth and faster
migration than the parental cells. a Illustrative photographs of the
colonies. The zoom shows the size of colonies and the intensity of the
staining in detail. b Representative microphotographs of the wound
healing assay at time-points 0, 5 and 24 h (bars 200 pum). Distance

of migration of these A431-R cells. Experimental findings
with the conventional wound healing assay confirmed that
A431-R cells had acquired kinetic powers during selection
process that allow them to migrate and heal the wound in a
shorter period of time than the parental cells, a behaviour
clearly consistent with the acquisition of an aggressive
phenotype (Fig. 4b).

Due to the presence of cellular traits that are linked to
sustained proliferative cell signalling, and, because, A431
parental cells overexpress the receptor of EGF, a major cell
signal emitter, we looked into this cellular pathway to
unravel possible changes that may be involved during the
development of A431-R cell line. The most remarkable
finding was that A431-R cells presented higher baseline
levels of phosphorylated EGF receptor, and the AKT and
ERK1/2 transducers (Fig. 5a), linchpin proteins that are
involved in cell growth, mitogenesis, survival, DNA repair
ability, and cell migration [15]. After cell stimulation by
the presence of EGF ligand, both types of cell lines reacted
by increasing levels of former oncoproteins, prominently
pERK1/2. When A431-WT cells were treated with ionizing
radiation, they reacted by increasing the levels of phos-
phorylated ERK1/2 proteins, a response that was seen
irrespectively of EGF presence. However, in the A431-R
cells, irradiation was not followed by a rise in the phos-
phorylated levels of EGFR, AKT or ERK1/2. In fact, a
diminution relative to their baseline levels was observed,
especially with respect to EGFR. We speculated whether
A431-R cells did not need to further activate these onco-
proteins which were already hyperactivated at the baseline
conditions (Fig 5a).
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shortening in the wound healing was normalized to the initial distance
between borders of each respective wound, and was represented as the
percentage of the initial wound size. Values indicate the mean of three
independent experiments done in duplicate and bars show the
standard error (*p < 0.05; Mann—Whitney test)

To further evaluate distinct aspects of the radioresistant
phenotype, we assessed the levels of VEGF, a crucial
factor in tumour-associated angiogenesis and efficient
tumour blood supply, secretion of which may also be
regulated by EGFR and ionizing radiation [11, 16]. Both
types of cells respond to radiation by increasing the
secretion of VEGF (Fig. 5b). However, as suspected, the
release of VEGF in response to radiation was more effi-
ciently in the A431-R cells. Thus, we concluded that these
cells were better adapted to resist strenuous conditions,
such as the oxidative stress induced by radiotherapy, and
able to promote angiogenesis to facilitate their oncogenic
potential.

Recently, the cell surface antigen CD44, a putative stem
cell marker, has been functionally validated as a biomarker
to predict local control for early laryngeal cancer treated
with radiotherapy, which suggests that this antigen could
be a proper surrogate indicator for radioresistant pheno-
types [17]. Nevertheless, we did not find differential
expression of CD44 antigen in the two A431 cell lines
(Fig. 6). Thus, this infers that this protein was constitu-
tively expressed in the parental and, hence, its derived
resistant cell line, irrespectively of their grade of radiation
sensitivity.

Finally, because cell cycle distribution can influence in
radiation sensitivity, the distribution of cell cycle phases
was examined. We found that G1 phase was 63.1 versus
67.9 %, S phase was 28.3 versus 19.8 % and G2/M phase
was 8.5 versus 12.1 %, for A431-WT and A431-R cell
population, respectively, suggesting a non-relevant varia-
tion in cell cycle between cell types.
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Fig. 5 A431-R sustained proliferative signalling through high levels
of phosphorylated EGFR, AKT and ERK1/2 proteins and radiation-
induced secretion of VEGF. a Proteins were determined by Western
blot in cells under baseline culture conditions (B), EGF stimulation
(E) or ionizing radiation (5 Gy). Before cell lysis, cells were treated
with 10 ng/mL EGF for 10 min or 6 MV X-rays. «-Tubulin was used
as internal control. Bar chart shows specific protein levels normalized
by untreated A431-WT cells (white bars) versus A431-R cells (black
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Fig. 6 CD44 antigen expression of A431-WT and A431-R cells
remained unchanged. a Illustrative immunofluorescence microphoto-
graphs of the surface marker CD44 under baseline culture conditions.
b Flow cytometry detection of CD44 marker. The x axis shows

Discussion

In this study, we demonstrated that, by subjecting culture
cells to fractionated radiation and clonal selection, we were
able to obtain a modified cohort of cells. The ultimate aim
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bars). Values indicate the mean of three independent experiments and
bars show the standard error (*p < 0.05; Mann—-Whitney test).
b VEGF was determined by the ELISA method at different interval
times after 8 Gy. Cells were left to grow without FBS for 24 h before
collecting supernatants at time 0, 24 and 48 h in A431-WT (white
bars) and A431-R cells (black bars). VEGF values were normalized
to the cell numbers per dish. Data were obtained from two
independent experiments
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of this study was to develop an isogenic resistant cell line
which could be used to identify molecular changes asso-
ciated with acquired resistance to radiation and tumour
aggressiveness in cancer. The identification and under-
standing such mechanisms is of valuable interest, not only
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in overcoming radiation resistance, but also, underpinning
the biology of recurrent cancer after radiotherapy. Hence,
based on this knowledge, specific therapies for cancer
could be devised. In this regard, our study showed that,
indeed, using this model, relevant mechanisms associated
with resistance to radiation were activated. We observed
greater DNA repair, in vitro growth, cell migration, and
oncoprotein levels, mechanisms that may provide potential
targets to improve the efficacy of radiotherapy.

We developed the stable isogenic resistant A431-R cell
line from parental A431 cells. The diminution of radio-
sensitivity in A431-R cells was found to be comparable to
other published studies. Similar decreases in SF2 and
o-component of LQ model were reported in radioresistant
isogenic cells derived from OE33 esophagal adenocarci-
noma cells. These changes were associated with an
increased efficiency in DNA repair [18]. Equivalent levels
of acquired tolerance to radiation were also found in the
resistant version of the human lung adenocarcinoma cell
line, Anip973 [19]. In these already published studies, as
well as our own, radioresistant cells showed moderate levels
of radiation desensitization. However, it should be taken
into account that in fractionated radiotherapy a small vari-
ation in radiosensitivity could have a greater effect on the
ultimate resistance than the simple difference in SF2, as
shown in Fig. 2.

Besides radiation resistance, we demonstrated that
A431-R cells acquired higher cloning efficiency and in vitro
faster growth and migration ability; these properties were
observed to be associated with remarkable baseline levels of
relevant oncoproteins and elevated angiogenic capabilities.
Earlier, our group described that radiation was found to
induce the emergence of aggressive tumour growth in A431
cells. We identified that the addiction to EGFR was asso-
ciated with this malignant phenotype and tumour-associated
angiogenesis [11]. Recently, similar phenotype was elicited
by radiation-induced cell signalling involving the protein
encoded by c-Met [9]. These findings strongly suggest that
cancer cells may develop adaptive responses to damaging
agents, such as ionizing radiation, leading to the gain of
molecular mechanisms to protect themselves from the lethal
effects of these agents. Cellular stress regulates distinct
genetic and epigenetic programs that may determine the
acquisition of tolerance to radiation and the biology of
cancer cells, as consequence, re-programming their cellular
machinery. This notion is supported by new discoveries in
radiation resistance. Also, the acquisition of resistance to
radiation was found to be associated with increased levels
of reduced state of glutathione, pointing at a better
expression of genes encoding enzymes that maintain glu-
tathione operative [18]. Similar meaning would be ascribed
to the low levels of intracellular-free radical observed in

@ Springer

isogenic resistant human non-small cell lung cancer cells
[20]. In these adjustments, glutathione levels may be a
reflection of re-programming energy metabolism in cancer
cells leading to higher utilization of glucose and enhancing
NADPH production, ready to be used in glutathione syn-
thesis [21]. The participation of oncogenic proteins such as
AKT (through mTOR), RAS or HIF1a in glycolytic fuelling
as a response to oxidative stress [22, 23] gives additional
support to the notion that global changes are induced by
radiation, and goes beyond the idea of an isolated phe-
nomenon of resistance.

Radiation-induced resistant cells have also revealed
changes attributed to radiation in transciptome. Upregula-
tion or downregulation of genes encoding proteins that are
involved in DNA repair and anti-apoptosis, as well as in
motility, invasion and angiogenesis have been reported.
However, the representation of the genes involved in
resistance varies, depending on the authors [19, 20, 24].
Variations in the genetic origin of cells, methods used to
generate the experimental model and the technical differ-
ences to analyse gene expression may all have influenced
the diversity of findings. Experimental design based on
isogenic cells, such as the A431-WT and A431-R pair,
could make it more suitable to directly attribute changes in
gene regulation to ionizing radiation because isogenic cells
have the same genetic background. However, it should be
mentioned that the findings using cultured cells growing on
plastic culture dishes are not influenced by factors such as
tumour hypoxia, microenvironment (including tumour-
stroma heterotypic interaction) and angiogenesis that occur
in true oncogenesis. In this regard, these factors could have
contributed to the observation that the growth of non-
irradiated tumours that were derived from A431-WT cells
showed similar pattern of growth as those tumours from
A431-R cells, a finding that was not observed in vitro. To
improve in vitro limitations, further efforts are needed to
characterize in vivo experimental tumour models.

In conclusion, in this article we have presented an
effective method to develop a radioresistant cell line, and
showed that the emergence of tolerance to radiation was
associated with the acquisition of an aggressive phenotype.
In our opinion, this methodology may provide useful
experimental models in order to gain insights into the
biology of acquired radiation resistance.
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Abstract

The need for using immunodeficient mice for xenoimplantation of tumours is increasing in translational research in radiation
oncology. However, adverse effects of radiation and infectious diseases may ruin the experimental work, in particular when
appropriate facilities are not available. In this report, we describe a procedure to deliver fractionated radiotherapy to
xenoimplanted tumours in immunodeficient mice using a medical linear accelerator, a method that was devised as an
alternative to the lack of facilities devoted to radiation research. The mice were irradiated under anaesthesia and aseptic
conditions. Thirty Gray in 10 days using a 6 MV photon beam were delivered only to the right thigh of the mice where tumours
were implanted. The mice were evaluated twice a week up to planned euthanasia. The follow-up of mice was completed
without premature interruption due to toxicities or infectious diseases, an observation which demonstrates the feasibility of

the method.

Keywords: Xenografted tumours, immunodeficient mice, local fractionated radiotherapy, medical linear accelerator

Laboratory Animals 2012: 1-4. DOI: 10.1258/1a.2012.011147

Every year, millions of cancer patients around the world
undergo radiotherapy, alone or in combination with
drugs. The rise in radiotherapy use, together with an
avenue of novel drugs that modulate radiotherapy action,
has prompted an increased interest in radiation oncology
research. An important part of this research is based on
the irradiation of human tumours grown in mice.”?
However, such experimental models are associated with a
number of difficulties that can ruin the experimental out-
comes. First, it is difficult to shield radiosensitive healthy
tissues from the radiation field and avoid its adverse
effects in the absence of appropriate equipment to irradiate
mice, such as an orthovoltage X-ray treatment machine.?
Second, to prevent the tumour rejection mediated by a

“Marta Baro and Lara I de Llobet contributed equally to this work
and should be considered co-first authors

normal immune system, human tumour cells have to be
implanted in immunodeficient mice which are prone to
lethal infectious diseases. Third, there is a general lack of
specific pathogen free (SPF) facilities to irradiate mice.
Since these have to be transferred from the SPF colony to
medical radiotherapy units, the risk of infectious outbreaks
is greatly increased. Finally, to make matters even more
complex, often experimental design requires multiple frac-
tions of radiotherapy, which exposes mice to pathogens
more frequently.

In this short report, we describe the experimental procedure
and the refinements we applied to successfully deliver high
doses of fractionated radiotherapy to xenoimplanted human
tumours, protect radiosensitive tissues and decrease the micro-
biological risk when irradiating immunodeficient mice using a
medical linear accelerator. Importantly, we devised this pro-
cedure as an alternative to the lack of experimental facilities
devoted to radiation research in immunodeficient mice.

Laboratory Animals 2012: 1-4
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2 Laboratory Animals

All experimental methods were approved in accordance
with our own institutional IDIBELL guidelines for animal
care and ethics. Six to eight-week-old female athymic mice
(Athymic Nude-Foxn1™, Harlan, Gannat, France) were
used. Complete health reports, especially the microbiological
status of the animals based on the Federation of European
Laboratory Animal Science Associations (FELASA) rec-
ommendations, were certified by the vendor. Tumours
were generated by injecting one million human cancer cells
delivered in 100 uL into the subcutaneous tissue. The mice
were intraperitoneally anaesthetized (1 mL/kg of each sol-
ution: 50 mg/mL ketamine and 1mg/mL medetomidine
with 5 mg/mL atipamezole for the reversal of the anaesthe-
sia effects) in order to precisely control the area in which the
cells were to be injected and to obtain homogenous growth
of tumours. We decided to inject the cells in the right
thigh of the mice, which allowed us to irradiate exclusively
a limited part of the body. This decision served to protect
the rest of the animal body from radiation.

At a suitable tumour size, and two days before
irradiation, the mice were moved from the SPF area to a
quarantine room so they can adapt to the new housing con-
ditions, and where the animals were to be permanently
housed in closed autoclaved plastic cages (5 mice per
cage). In this room, the mice were manipulated under a
laminar flow hood using aseptic conditions. Before each
radiotherapy session, they were anaesthetized, as men-
tioned above, and transported to the radiotherapy unit in
clean autoclaved closed cages covered with a drape to
conceal the animals from plain view.

Upon arrival at the radiotherapy room, the treatment
table was disinfected with alcohol and covered with sterile
drapes. Surgical caps, masks and sterile gloves were worn.

Linear accelerator
r

(a) Patients’ table

(b) Methacrylate plates (for backscatter irradiation)

Figure 1

Figure 1 shows the scheme of how an appropriate setting
for selectively irradiating tumours and reducing infections
in the mice was achieved. Of note is the placement of the
thigh on the edge of the radiation beam to allow sufficient
coverage of the tumour, while protecting the body of the
mice as much as possible.

To irradiate the animals, as shown in Figure 1, a 6 MV
photon beam from a Varian Clinac 2100 linear accelerator
was used. A total dose of 30 Gray (Gy) in fractions of
3 Gy, separated by 24 h, excluding Saturdays and Sundays
was administrated. The dose rate was 2.7 Gy per minute.
In order to verify the dose that the tumours received, as
well as the precision of the set-up used, an in vivo dosimetry
was performed by means of radiochromic films (Gafchromic
EBT, International Specialty Products, Wayne, NJ, USA). In
total, 40 dose measurements were carried out during four
separate days. Films were placed in contact with the
tumour at the beam entrance. We found less than 3% vari-
ation in the doses received by different mice on the same
sessions and less than 1.5% variation between different
days. The mean deviation in absorbed dose in the
tumours was 2.3% of the prescribed dose. The aforemen-
tioned results confirmed that our experimental set-up was
homogeneous and reproducible.

The mice were evaluated twice a week. Table 1 describes
the animals’ health during the radiotherapy period and
follow-up. Non-irradiated mice were subjected to the same
procedures. No animals were excluded or had received
less than 30Gy in 10 fractions. After radiotherapy,
tumours grew more slowly and took twice the time to
reach a volume equivalent to non-irradiated animals. The
most severe observation was always registered, whether it
was reversible or not. The greatest adverse effect of

- - - -

Scheme used for localized irradiation of xenografted tumours in multiple fractions. Tumours (T) were placed into the gap created by two polymethyl

methacrylate (PMMA) plates (b), each were 35 cm x 35cm x 1 cm in size, separated by a smaller plate (30 cm x 30 cm x 1 cm). The edge of the beam was
adjusted to cover the tumour with 1 cm margin, assuring that PMMA plates were included into the beam. The thighs were kept in place using an adhesive
tape, while the body of animals was maintained out of the beam. Sterile drape that cover the treatment table (a) and wrapped PMMA plates are represented
by the grey lines. Dotted line illustrates the sterile transparent film put on to the mice, protecting them from the non-sterile top PMMA plate, as it can also be
observed in the pictures on the right. The source-plate distance was set to 100 cm on the centre of the top plate. Note that dimensions in the diagram are

not to scale
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Table 1 Quality of life of the mice during and after localized irradiation in multiple fractions

Control mice (non-irradiated)

X-ray-treated mice

Post-therapy period

Post-therapy period

Therapy period (n = 13) (n=12) Therapy period (n = 32) (n=31)

Grade score (%) Grade score (%) Grade score (%) Grade score (%)
Supervision parameters 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Weight loss’ 769 154 7.7 0 83.3 83 8.3 0 43.8  46.9 9.4 0 61.3 355 3.2 0
Physical aspects* 100 0 0 0 100 0 0 0 100 0 0 0 100 0 0 0
Clinical signals' 100 0 0 0 100 0 0 0 100 0 0 0 100 0 0 0
Behaviour alterations® 100 0 0 0 100 0 0 0 100 0 0 0 87.1 12.9 0 0
Infections ™ 100 0 0 - 100 0 0 - 100 0 0 - 100 0 0 -
Stools** 100 0 0 - 100 0 0 - 100 0 0 - 100 0 0 -
Tumour necrosis'* 100 0 - - 917 83 - - 100 0 - - 100 0 - -
Local radiation toxicity™* 100 0 0 0 100 0 0 0 100 0 0 0 100 0 0 0

Values are the proportion of an observation expressed in grades related to the total number of animals (n) within the period of follow-up

TWeight loss. Grades: 0 no weight loss; 1 less than 10%; 2 between 10 and 20%); 3 more than 20%

*Physical appearance. Grades: 0 normal; 1 changes in skin colour; 2 paleness and cyanosis; 3 hunching and loss of muscular mass

YClinical signals. Grades: 0 no presence; 1 hypothermia; 2 bleeding or mucosal secretion in any orifice; 3 abdominal strain and cachexia

#Behaviour alterations. Grades: 0 no alterations; 1 unable to move normally; 2 impossible to arrive to food/drink; 3 unconsciousness and no response to stimuli
TPercentage of animals with infectious disease. Grades: 0 no infections; 1 animals infected that survived; 2 animals infected that died. Grade 3 not evaluated (NA)

*Stools appearance. Grades: 0 normal; 1 soft stools; 2 visible blood. Grade 3 NA

"Percentage of tumour necrosis. Grades: 0 no tumour necrosis; 1 tumour necrosis. Grades 2 and 3 NA
*#| ocal radiation-induced toxicity. Grades: 0 no presence; 1 erythema; 2 exudative lesion; 3 necrosis

radiation was the diminution in the initial weight, which we
ascribed to the partial exposure of the inferior right hemiab-
domen, which was much too close to the tumour to be com-
pletely protected from the radiation beam. However, the
weight loss was not remarkable and was limited to grade
1, transitory and not associated with physical or clinical
signs of disease. Also, in the irradiated group, two
animals (12.9%) moved abnormally due to tumour
growth, but not to local reaction because of the radiation.
Interestingly, in non-irradiated mice greater weight loss
was observed, which was attributable to uncontrolled
tumour growth. Differences in weight loss between
groups, however, were not significant (chi-square and
Mann-Whitney U test). No infections were observed.
Euthanasia using intraperitoneal pentobarbital solution
(4.5 mL/kg dose of 200 mg/mL of Dolethal) was planned
at day +90, or, before, in cases where more than one
grade 2 or one grade 3 event was observed, or when the
tumour size reached more than 1500 mm?; however, only
the last criterion had had to be applied. We applied these
criteria following the international guidelines for the
welfare and use of animals in cancer research.*

In this report, four objectives were considered during
radiotherapy design. First, minimize irradiation of healthy
tissues around the tumour. Second, fulfil the standard
irradiation principles for human treatment.>® Third,
reduce time and increase efficiency by irradiating several
mice at a time. Finally, be easy to reproduce and repeat on
a daily basis by only two people. We demonstrated the
feasibility of fractionated irradiation using immunodeficient
mice to evaluate the role of radiotherapy on experimental
tumours simulating a clinical setting. The major contri-
bution of this study, however, was to demonstrate that
general or local effects of irradiation did not jeopardize
the tumour radiation-response observation over a long
follow-up. In addition, the absence of infect-contagious dis-
eases was particularly decisive for the success of

experiments. This provided evidence that the barrier protec-
tions used accomplished the goal of preventing microbiolo-
gical diseases in these animals. Since cancer patients are
often immunosuppressed, concerns about zoonoses should
not be ignored. Nevertheless, it should be emphasized
that the potential risk of zoonoses is extremely low when
good laboratory practices and healthy athymic mice are
used. To our knowledge, there is no report in the medical
literature about the incidence of opportunistic zoonoses in
patients treated in such radiation oncology departments.

In conclusion, this study describes an effective method to
irradiate human tumours implanted in immunodeficient
mice which allows monitoring of tumour responses
without interference from the adverse effects of radiation
and infection. We demonstrate the feasibility of delivering
fractionated radiotherapy using a medical accelerator
when a specific experimental facility is not available for
radiation research.
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