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LIST OF ABREVIATIONS

2D — two-dimensional

3D — three-dimensional

aRNA — antisense RNA

BER - base excision repair

SBBR - single-strand DNA break repair
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CAF - cancer associated fibroblasts
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ECM — extracellular matrix

FBS — fetal bovine serum

FD — fractionated dose

Gy — Gray; Sl unit of absorbed radiation, it is equal to the absorption of one joule

of radiation energy per kilogram of absorbing material
HNSCC - Head and neck squamous cell carcinoma cell line
HRR - homologous recombination repair

HT29 - Human colon adenocarcinoma cell line

IR —ionizing radiation

IRIF- ionizing radiation induced foci
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LLC1 - mouse Lewis lung carcinoma cell line

Ir-ECM 3D — laminin-rich extracellular matrix 3D culture
MAPK - mitogen-activated protein kinase

MCS — multicellular tumor spheroids

microT - CDS — algorithm for miRNA target prediction
miRNA — small non-coding RNA molecule

NHEJ - non-homologous end joining

Oligo(dT) - a short sequence of deoxy-thymidine nucleotides
gPCR - Reverse transcription polymerase chain reaction
ROS - reactive oxygen species

RT — radiotherapy

SD - single dose

SD10 —single dose of 10 Gy

SSB - single strand DNA breakages



INTRODUCTION

After more than 100 years since the first applications of ionizing radiation
(IR) in medicine, discoveries made in the field of radiobiology have led to the
development of the modern radiation therapy (Purdy 2008). This type of therapy is
one of the most precise and reliable methods of treating cancer, the therapy being
received by about a half of all cancer patients. To improve the effectiveness of the
treatment, radiation therapy is often be combined with chemotherapy, surgery and
hormone therapy based on individual characteristics of the tumour (Delaney et al.
2005).

The exposure to X-ray irradiation induces the ionization of DNA in cells
which results in various forms of DNA damage (Lord and Ashworth 2012).
However, although cancer cells are usually more sensitive to IR than normal cells
(Barcellos-Hoff et al. 2005), ionizing radiation induces DNA damage in the
surrounding normal tissue cells as well. Thus, to allow repair and recovery of
radiation-induced damage in normal tissue cells, radiotherapy is administered in
fractions of ~2 Gy every 24 hours, 5 days per week for up to 7 weeks (Feofanova
et al. 2014). The efficiency of radiotherapy is highly dependent on a variety of
molecular processes which are activated in cells in response to ionizing radiation
eventually leading to decreased tumor cell sensitivity to IR. Despite the fact, that
ionizing radiation is most often applied in clinical practice in the form of
fractionated dose (FD) irradiation, a vast amount of the knowledge in radiobiology
Is accumulated during investigations of cellular responses to single dose (SD)
treatment of ionizing radiation. Therefore, to better predict the outcome of
radiotherapy and to develop more efficient radiotherapy strategies, a better
understanding of FD radiation mediated molecular changes in cancer cells is still
required.

In order to investigate the molecular networks in cancer cells after exposure
to ionizing radiation it is important to choose an appropriate model system which

would reflect in vivo processes occurring in the tumor cells as close as possible.



Traditionally, the most common cancer cell based in vitro assays are performed
using 2D monolayer forming cell cultures, where cells are often grown on plastic
substrates. However, 2D cell cultures poorly mimic biological processes occurring
in tumour tissue, due to the artificial environment and standardized growing
conditions (Nyga et al. 2011). 3D cell cultures retain many characteristics typical
of tumour tissue in vivo. Cells cultured under 3D conditions demonstrate
heterogeneity, different growth and division rates, as well as changes in cell
morphology and gene expression (Storch ir Cordes, 2012). These features may
affect cellular response to anticancer treatment and result in different outcomes in
tumors/3D cell cultures compared to 2D cell cultures. Therefore, tumour cell
response to IR evaluated in cells grown in 3D cell cultures could better reflect the
response of tumour cells in vivo.

Therefore, in order to elucidate potential molecular targets for the
development of more efficient radiotherapy, the aim of this study was to
evaluate the changes in genome-wide gene and miRNA expression in tumour
cells cultivated under different cellular microenvironment conditions after the
exposure to a single dose or a fractionated dose irradiation.

Objectives:

1. To evaluate survival fractions of mouse Lewis lung carcinoma LLC1
cells cultivated in a monolayer forming cell culture after the exposure
to a single or a fractionated dose irradiation;

2. To evaluate genome-wide gene and miRNA expression profiles of
mouse Lewis lung carcinoma LLCL1 cells cultivated in a monolayer
forming cell culture after the exposure to a single or a fractionated dose
irradiation;

3. To evaluate genome-wide gene and miRNA expression profiles of
mouse Lewis lung carcinoma LLC1 cells cultivated in Ir-ECM 3D cell

culture compared to cells grown in a monolayer forming cell culture;
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4. To evaluate genome-wide gene expression profiles of human colon
carcinoma DLD1 and HT29 cells cultivated in Ir-ECM 3D cell culture
compared to cells grown in a monolayer forming cell culture;

5. To evaluate survival fractions of human colon carcinoma DLD1 and
HT29 cells cultivated in monolayer forming or Ir-ECM 3D cell culture
after the exposure to a single or a fractionated dose irradiation;

6. To evaluate genome-wide gene expression profiles of human colon
carcinoma DLD1 and HT29 cells cultivated in Ir-ECM 3D cell culture
after the exposure to a single or a fractionated dose ionizing irradiation;

7. To identify the potential molecular targets for the further development

of more efficient radiotherapy.

Scientific novelty

In this study we applied genome-wide transcriptomic analysis to elucidate
molecular processes of the cellular response to IR delivered as a single or a
fractionated dose irradiation. Similar attempts aiming to the development of a
more efficient radiotherapy strategy have already demonstrated striking
differences between cells cultured in vitro and tumor xenografts after exposure to
irradiation (Camphausen et al. 2005, Tsai et al. 2007). Therefore, in this study we
for the first time utilized a syngeneic murine Lewis lung carcinoma LLC1 tumor
model. Although our data confirmed the previous indications that cellular
response is irradiation dose delivery type dependent, this study for the first time
provided a comprehensive analysis of gene and miRNA expression profiles of
LLC1 cells exposed to different irradiation regimens. In addition, our study
demonstrated that the fractionated dose irradiation treatment response of LLC1
cells cultivated in monolayer cell culture does not reflect the syngeneic LLC1
tumor response to fractionated dose irradiation.

Despite the fact that cell lines of different origin were utilized, the present
genome-wide transcriptomic analysis indicates that key pathways including cell

adhesion, MAPK and immune response-related are most significantly altered in
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an extracellular matrix (ECM) dependent manner in murine (LLC1) and human
(DLD1 and HT29) carcinoma cell lines cultured in three-dimensional (3D) cell
cultures compared to cells grown in 2D. In addition, our present data show that
the expression of selected genes and miRNAs differentially expressed in LLC1
cells grown in Ir-ECM 3D cell culture correspond the expression levels of these
genes and miRNAs in a syngeneic LLC1 tumor model compared to expression
levels in cells grown in 2D.

Furthermore, our study for the first time indicated that treatment with a
fractionated dose irradiation resulted in the upregulated expression of prosurvival
cell cycle/DNA damage or immune response pathway genes in an ECM-
dependent manner in human colon carcinoma DLD1 and HT29 cells,
respectively.

Together our novel observations not only indicate the existence of
common extracellular matrix dependent regulatory networks in tumor cells but
also provide the insights for the development of more efficient targeted

radiotherapy.

Defense statements

1. Lewis lung carcinoma LLC1 and human colon carcinoma DLD1 and HT29
cell response to irradiation is dose delivery type dependent;

2. Cellular response to fractionated dose irradiation in a monolayer forming
LLC1 cell culture does not reflect the syngeneic LLC1 tumor response to
fractionated dose irradiation;

3. Common ECM-dependent regulatory networks exist in mouse (LLC1) and
human (DLD1, HT29) cancer cells;

4. Cellular response to fractionated dose irradiation in human colon carcinoma
DLD1 and HT29 cells is ECM-dependent.

12



LITERATURE REVIEW

1.1 Radiotherapy. Mechanism of action

lonizing radiation (IR) can be considered as a sub-group of
electromagnetic radiation, as it consists of only x-rays (wavelength 0.01-10 nm)
and vy radiation (wavelength <10 pm) and a stream of elementary particles, which
are able to ionize atoms and molecules (Baskar et al. 2012). The sources of these
types of radiation are different: x-rays are created by accelerating and stopping
electrons in a linear accelerator, when high-energy photons are produced; vy
radiation comes from the decay of radioactive isotope nuclei. The stream of
elementary particles, also called corpuscular radiation, consists of electrons,
protons, alpha particles, neutrons, negatively charged mesons and ions. In clinical
anticancer radiotherapy, x-rays are most widely used. The effectiveness of
radiotherapy is based on the mechanism of action of IR (Morgan and Sowa
2005). When the molecules of the cell are exposed to IR, it can have a direct or

an indirect effect (Fig. 1.1). The direct effect of IR arises from the interactions

DNA

Direct effect

—————
—
—-——————-—-—_
———
—

Indirect effect

Figure 1.1 Radiation-induced direct and indirect effect on DNA damage (Morgan
and Sowa 2005).
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between high energy photons and various molecules inside the cell. The
probability of damage depends on the size of the molecules and their
concentration in the cell (Jackson and Bartek 2009). Therefore, DNA molecules
are excellent targets for IR, which can induce various alterations in the nucleotide
chain.

The mechanism of the indirect effect of IR arises from the interactions of
high-energy photons and the water molecules inside and around the cell. The
ionization of water produces active hydroxyl radicals which start a chain reaction,
producing various other reactive oxygen species (ROS) (Morgan and Sowa
2005). ROS act on various biologically active molecules, including DNA. It has
been shown, that about two thirds of the DNA damage induced by IR can be
attributed to indirect effects (Barcellos-Hoff et al. 2005). In addition, it has been
suggested, that the formation of ROS has an effect on the induced changes in the
cellular microenvironment, which can promote cancerogenesis or alter the
cellular response to other anticancer treatments (Najafi et al. 2014). To overcome
disruption of normal cellular function caused by IR, special damage protection
mechanisms are activated in irradiated cells (Feofanova et al. 2014, Nikjoo et al.
2016).

IR can also cause complex aggregations of DNA damage, where DNA
breaks are a few bases apart from each other. Complex DNR damage together
with double-stranded DNA breaks are considered to be the most complex forms
of DNA damage in the cell (Singleton et al. 2002). Therefore IR may damage
genomic integrity and induce various gene mutations. Mutations in genes
associated with cellular survival, tumor suppressors and proto-oncogenes, can
affect the proliferation of cancer cells, the further development of the tumor and
cellular radioresistance (Lord and Ashworth 2012, Tian et al. 2015). Therefore,
research focused on the molecular mechanisms involved in cellular response to
IR has yielded substantial knowledge about the processes of IR response: DNA

damage recognition and repair, cell cycle regulation and cell death.
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1.2 Cellular response to ionizing radiation

As mentioned previously, the DNA of cancer cells is the main target of IR
therapy. lonizing radiation causes nucleotide base damage, single and double
chain breakages, which in eukaryotic cells activate the mechanism of DNA
damage response (DDR) (Tian et al. 2015). DDR is a complex signaling pathway
that helps the cell keep its genetic integrity. During the cellular response to IR a
lot of DDR genes are activated, which are involved in DNA damage recognition
and repair, cell cycle regulation and cell death (Ciccia and Elledge 2010). It has
been shown, that a lot of DDR genes also activate RNA metabolism regulating
spliceosome assembly, RNA splicing and polyadenylation of mRNA. All of these
processes help keep genetic information intact (Zlotorynski 2015).

The whole DNA damage response system can be divided into three groups
(Fig. 1.2) (Ciccia and Elledge 2010): 1) sensors that recognize DNA damage and
initiate DNA damage response; 2) transducer proteins, that strengthen and

transmit the signal from the sensors; 3) effectors, that initiate DNA damage

lonizing radiation

e

Double-strand breaks Single-strand breaks

[TTTTTTTTTITTIITTITTId [TITTTTITTTT

Ku70-Ku80 \\ Egmlie- -1
DNA damage . S D-
sensors

DNA damage
transducers \
Xrccd, DNA / \
Ligase IV
DNA damage
%

Nonhomologous /

end joining (NHEJ) Apoptosis  Checkpoint
repair

Figure 1.2. Schematic representation of DDR signaling pathways. DNA-PK responds
to DNA double-strand breaks (DSB) and regulates nonhomologous end joining (NHEJ).
ATM responds to DNA DSB; phosphorylates H2AX, which is localized to sites of DNA
damage. ATR is activated in response to SSB. Arrows show the flow of the
corresponding DDR pathways (E and Kowalik 2014)
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repair, activate temporary or continuous cell cycle arrest or activate processes
leading to cell death.

There are three known kinases, belonging to the PI3-like kinase family,
that participate in DNA damage recognition and further signaling — ATR (ataxia
telangiectasia and Rad3-related), ATM (ataxia telangiectasia-mutated) and
DNA-PK (DNA-dependent protein kinase). The activation of these kinases in the
cell depends on the type of DNA damage. ATR Kkinase is activated by single
strand DNA breaks, double strand DNA breaks with sticky ends or DNA
fractures, due to fallacies during DNA replication (Fokas et al. 2014), while ATM
and DNA-PK kinase complexes are activated in the presence of double strand
DNA breakages (Santivasi and Xia 2014, Xiaofei and Kowalik 2014).

1.3 DNA damage recognition

In eukaryotic cells most of the proteins, involved in DNA damage
response, are present in the cell throughout the whole cell cycle, but when the
response is ,,turned on®, a fast activation of DNA repair factors is observed. The
amount of these factors in the cell is usually constant, but during DDR activation
they accumulate in DSB site, forming lonizing Radiation Induced Foci (IRIF)
(Lisby and Rothstein 2009).

One of the earliest events during IRIF formation (Fig. 1.3) is histone H2A
type H2AX ser-139 phosphorylation, resulting in y-H2AX (Kinner et al. 2008). It
has been suggested, that H2AX phosphorylation ensures DNA repair protein
complex assembly at the site of double strand breakage and stabilizes protein
interactions in the IRIF complex (Dickey et al. 2009). Right after DSB formation
MRN (Mrell-Rad50-Nbsl) protein complex recognizes DSB and, interacting
trough Nbsl with ATM, pulls it towards DSB. This causes ATM dimmer
autophosphorylation and dissociation of inactive ATM dimers to active

monomers, which further phosphorylate H2AX (Bonner et al., 2008). Then
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Figure 1.3. The formation of IRIF. After the initial phosphorylation of H2AX by ATM,
or DNA-PK, MDC1 is recruited and attracts MRN complex to further activate ATM.
This leads to further phosphorylation of H2AX and the chromatin modifications required
for the recruitment of 53BP1. The activation cascade ends up with the recruitment of
RNF8 to phosphorylated MDC1 and the polyubiquitination of H2AX to recruit
BRCA1/BARDL1 (Kinner et al. 2008).

v-H2AX is recognized by MDC1 (mediator of DNA damage checkpoint), which
interacts with MRN complex (Grabarz et al. 2012). MRN complex recruits more
ATM molecules which induce the further spread of y-H2AX signal
bidirectionally around the DNA break site. Also, MDCL1 attracts E3 ubiquitin
ligases to the site, namely RNF8 and RNF168, which start ubiquitination of
histones H2A and H2AX at the DSB site. Likely, this histone modification
affects conformational changes in chromatin and the accumulation of repair
protein 53BP1 and complex BRCA1-BARD1 at the DSB site (Kinner et al. 2008,
Grabarz et al. 2012).
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1.4 DNA damage repair

Single strand and double strand breaks in the cell are repaired by different
mechanisms. Single strand breaks are repaired by base excision repair/single-
strand break repair mechanism (BER/SBBR). During this process damaged bases
or damaged nucleotides firstly are removed from the DNA chain, and afterwards,
using the undamaged DNA strand as a template, new DNA is synthesized (Lord
and Ashworth 2012). The recognition and removal of the damaged base is
performed by glycosylase enzymes, forming apurinic/apyrimidinic (AP) sites.
After that enzymes AP endonuclease (APE) and/or Polynucleotide kinase (PNK)
depending on the damage type, modifies the structure of AP and prepares it for the
incorporation of complementary nucleotide by polymerase using the undamaged
strand as a matrix. There are several sub-variants of the BER mechanism, using
different polymerases, including DNA polymerase  (Pol B) and proliferating cell
nuclear antigen (PCNA) PCNA-Pol 6 and PCNA-Pol ¢ complexes. Then DNA
ligase facilitates the joining of DNA strands together. It is suggested, that other
proteins, e.g. XRCC1 and PARP1 participate in the recognition of SSB and the
activation of other repair proteins (Begg et al. 2011). Unrepaired or faultily
repaired single strand breaks can result in the formation of double strand breaks
after the replication of the damaged DNA strand (Begg et al. 2011).

Homologous recombination (HR) (Fig. 1.4A) —is a very precise DSB repair
mechanism (Jasin and Rothstein 2013). HR is initiated by the MRN complex
which binds to the loose ends of the break and induces the processing of DNA
ends by CtIP and RECQ family helicases and Exol and Dna2 nucleases in order
to create single stranded DNA overhangs. Then the main HR enzyme is activated
— recombinase Rad51. Together with supporting proteins Rad52, Rad54,
BRCAL, BRCA2 and other Rad51 paralogs (Rad51C, XRCC2, XRCC3) it
recognizes the complementary DNA sequence in a homologous chromosome and
forms a D-loop. In this way the homologous sequence is used as a matrix for

DNA polymerase Pol 6 to synthesize the damaged strand. The repair process is
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Figure 1.4 Simplified overview of A) homologous recombination (HR) repair and B)
non-homologous end-joining (NHEJ) repair (Weterings and Chen 2008).

finalized by DNA ligase | that facilitate the joining of the synthesized DNA ends
together (Lord and Ashworth 2012).

During NHEJ (Fig. 1.4B) repair DNA double strand break ends are ligated
together directly. The main proteins active in this process are Ku70/Ku80
heterodimers, which quickly binds to the DSB ends and activate protein kinase
DNA-PKcs. DNA-PKcs pulls the break ends together, and then specific DNA
end processing enzymes process the DNA break ends by synthesizing or
removing a few nucleotides. Thus the DNA break ends are prepared for ligation
and finally they are joint by XRCC4-DNA ligase 1V complex (Weterings and
Chen 2008). This process does not require matrix DNA, therefore NHEJ can be
performed at any point during the cell cycle (Couedel et al. 2004).

NHEJ repair is error-prone process leading to the formation of DNA

deletions or insertions (Lieber 2010). Since the HR repair requires a homologous
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DNA sequence, repair by this process is only possible when the double strand
DNA break is formed after DNA replication: at late S or G2 phase. It has been
noted, that HR is also used to repair DNA damage that forms during replication
(Couedel et al. 2004).

1.5 Cell cycle regulation

During cell division, DNA damage might facilitate the loss of genetic
material or the formation and accumulation of new mutations, hence daughter
cells can inherit genetic changes caused by DNA damage or even die. To ensure
genetic integrity cells have developed very strict cell cycle control mechanisms
that make sure the cell cycle is stopped in the case of DNA damage (Jackson and
Bartek 2009). This protective function in the cell is performed by DNA damage
checkpoints. They make sure, that the cell cycle is halted when DNA damage is
present and the DNA damage is not transferred to the daughter cells (Curtin
2012) (Fig. 1.5).

The transit from one cell cycle phase to another is regulated by three main
protein categories, which are closely related: 1) cyclins — low molecular mass
proteins, whose concentration in the cell fluctuates during the whole cycle; 2)
cyclin-dependent kinases (Cdk), that interacting with cyclins are activated and
promote cell cycle progression; 3) various cell cycle modulators, that regulate
cyclin-dependent kinase activity under stress conditions. Single and double strand
breaks, formed due to exposure to IR, initiate the activation of ATR and ATM
kinases — the main cell cycle checkpoint regulators. These kinases halt the cell
cycle by inhibiting cyclin and cyclin-dependent kinase complex formation or Cdk
activity (Brown and Baltimore 2003). Sustainable cell cycle progression control

in response to DNA damage is performed by three main cell cycle checkpoints:
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Figure 1.5. Schematic overview of radiation-induced activation of cell cycle
checkpoints. ATM activated by DSBs triggers the G1 checkpoint by phosphorylating
CHK2 and P53. ATR is activated by SSBs, which are formed at stalled replication forks
or resected DSBs. This triggers the intra S phase and the G2 checkpoints via
phosphorylation of CHKZ1, which in turn phosphorylates WEE1 kinase and CDC25
phosphatases to inhibit cell cycle progression through the coordinate suppression of
cyclin-dependent kinase (CDK) activity. Arrows indicate secondary targets (Curtin
2012).

1) G1/S checkpoint;
2) S phase checkpoint;
3) G2/M_checkpoint.

A fourth cell cycle checkpoint is functions in M phase, although it has

been shown, that it does not protect from DNA damage transmission to daughter
cells (Zhao et al. 2012, Spoerri et al. 2015).

When DNA damage is induced during the G1 phase of the cell cycle, G1/S
checkpoint protects from the initiation of damaged DNA replication and inhibits
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CyclinD/Cdk4/6 and CyclinE/Cdk2 complexes that promote the transition to S
phase. Active CyclinD/CDK4/6 and CyclinE/CDK2 complexes phosphorylate
pRb proteins, thus breaking pRB/E2F interaction and activating E2F family
transcription factors, which promote the expression of many proteins, necessary
for cell cycle continuation (Dyson 1998). Two G1/S checkpoint activation
mechanisms were identified. During the first pathway ATM or CHK2 kinases
phosphorylate and activate tumor suppressor P53 — a transcription factor,
regulating the expression of genes involved in cell death, senescence or cell cycle
control (Surget et al. 2013). One of the main P53 targets is the CDK inhibitor p21
that inactivates cyclinD/Cdk4/6 and cyclinE/Cdk2 complexes, thus preventing the
transition to S phase. This mechanism of cell cycle control is relatively inert, but
in the case of complex DNA damage it ensures long term DNA damage control
during the G1 phase. During the second pathway CHEK2 phosphorylates
CDC25A phosphatase. Phosphorylated Cdc25A is further polyubiquitinated and
degraded, the inhibiting phosphate group cannot be removed from Cdk2 kinase,
thus cyclinE/Cdk2 complex cannot be formed. This pathway results in a rapid
cell cycle halt in the G1 phase (Deckbar et al. 2011).

S phase checkpoint ensures the inhibition of damaged DNA replication.

During replication, disrupted due to DNA damage, ATR kinase is activated and
phosphorylates CHK1 kinase. This kinase further phosphorylates Cdc25A
phosphatase, thus Cdk2 kinase is not dephosphorylated and cannot interact with
CyclinE. This inhibits the replication of damaged DNA (Krempler et al. 2007).
When DNA damage is induced in the G2 phase, G2/M checkpoint initiates

inhibition of CyclinB/Cdk1 complex that promotes cell cycle transition to the M
phase (Deckbar et al. 2011). The activity of the CyclinB1/Cdkl complex is
regulated by Cdc25C phosphatase and kinases Weel and Mytl. When DNA
damage is present, ATM and ATR kinases activate Chk2 and Chk1 kinases that
further phosphorylate Cdc25C and promote its transport from the nucleus. Chkl
and Chk2 kinases also activate kinases Weel and Mytl, which further

phosphorylate Cdk1 kinase. Phosphorylated Cdk1 remains inactive in the nucleus
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and does not form a complex with cyclin B. Thus the cell cycle is stopped and
does not transit to mitosis (Sarcar et al. 2011).

The cell cycle at the checkpoint is halted, until DNA damage is repaired,
or mechanisms of cell death are initiated (Eriksson and Stigbrand 2010)

Cell senescence is a process, when the cell, due to accumulated DNA
damage, ,,gets stuck™ in either G1 or G2 phase (Campisi and d'Adda di Fagagna
2007). These cells keep up their metabolic activity, but stop proliferation. One of
the main cell senescence biomarkers is an increased expression of senescence-
associated P-galactosidase (SA-B-galactosidase). It has been suggested, that
senescence in the cell is initiated by P53-P21 and P16-Rb pathways, which is
activated by IR induced DNA damage (Campisi 2013). Cancer cells, which
exhibit the senescence phenotype, secrete various cell survival stimulating factors
to the extracellular medium and also cytokines and chemokines, that stimulate the
proliferation of nearby cells, tumor angiogenesis or inhibit the immune response
to cancer cells (Eriksson and Stigbrand 2010, Rodier and Campisi 2011). It has
also been demonstrated, that senescent cancer cells, after IR induced DNA
damage repair, can return to the active proliferation (Gewirtz et al. 2008).
Therefore, cancer cell senescence can be considered as one of mechanisms of

cancer renewal after radiotherapy.

1.6 Cell death

The main goals of anticancer therapy are the inhibition of cancer cell
proliferation and the initiation of cell death. lonizing radiation can activate a few
different cell death mechanisms in cancer cells: apoptosis, necrosis, autophagy
dependent cell death or mitotic catastrophe (Minafra and Bravata 2014). Cell
death starts not right after exposure to IR, the process usually takes about 3-4 cell
divisions to begin (West and Barnett 2011). The amount of time between the
exposure to IR and cell death and the exact mechanism of cell death depends on

radiation type and dose, the nature of the cells, cell cycle phase, the ability of the
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DNA repair system to correct double strand DNA breaks and various gene
mutations, related to resistance to IR. (Eriksson and Stigbrand 2010).

Apoptosis — programmed cell death — is characterized by cell shrinkage,
membrane wrinkling and DNA fragmentation (Czabotar et al. 2014). It can be
activated by internal or external mechanisms, where the main role is played by
the cysteine-aspartic family peptidases - caspases. The intrinsic apoptotic
pathway is initiated by the formation of active apoptosome complex. When cell
death signaling is present, cytochrome ¢ (CytC) relocates from the mitochondria
to cytosol and together with apoptotic protease activating factor 1 (Apafl) and
procaspase-9 forms an apoptosome, which turns inactive procaspase-9 into
apoptosis initiating caspase-9 (Casp9). The extrinsic apoptosis pathway is
induced trough transmembrane death receptors, belonging to the TNF receptor
superfamily, when they are activated by ligands, such as FASL. The cytosolic
fragments of the active receptor attract FAS-associated death domain protein
(FADD), which attracts initiator procaspase-8 and stimulates pro-Casp8
autoactivation. Then both internal and external apoptosis pathway initiator
caspases Casp8 and Casp9 activate effector caspases Casp3, Casp6 and Casp7,
that carry out further substrate breakdown and DNA fragmentation (Minafra and
Bravata 2014).

Mitotic catastrophe is one of the main forms of IR induced cell death. It
has been noted, that during mitotic catastrophe cells die in a way very similar to
the internal apoptosis pathway, and hence this type of cell death is often
considered as a separate type of apoptosis (Castedo et al. 2004). One of the main
reasons for mitotic catastrophe in cancer cells are defects in the cell cycle
checkpoints (Eriksson and Stigbrand 2010). It has been demonstrated, that G2/M
checkpoint does not halt the cell cycle progression through the M phase, if cells
have less than 10-20 double strand DNA breaks (Deckbar et al. 2011). G1/S
checkpoint regulation is often disrupted in cancer cells due to the mutations in the
P53 gene. Therefore, the cell cycle progression to mitosis may become impaired

in cells with unrepaired DNA damage (Eriksson and Stigbrand 2010). Due to the
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formation of chromosome damage, cell division proceeds asymmetrically — the
genetic material in the daughter cells is unevenly distributed (Lara-Gonzalez et al.
2012). After the first uneven cell division tetraploid cells with double nuclei
forms (Castedo and Kroemer 2004). These cells can immediately initiate
apoptotic or necrotic cell death pathways or continue the cycle into G1 phase.
Following few uneven divisions aneuploidy, polyploidy or modified nucleus
morphology forms and cell death mechanisms are activated (Eriksson and
Stigbrand 2010).

During necrosis the function of mitochondria is disrupted, plasma
membrane deteriorates and cell contents leak into the extracellular space, but
differently from apoptosis, no DNA fragmentation is observed (Nagata et al.
2010). Cancer cell necrosis is most often initiated by large radiation doses, which
induce an inflammatory reaction in the surrounding tissue (Minafra and Bravata
2014).

Autophagy is a process, during which certain components of the cell are
disassembled by autolysosomes. Autophagy in cells is initiated when various
stress signals are present, for example the lack of nutrition, hypoxia or damage to
cellular components (Eskelinen 2008). During autophagy cellular components are
encapsulated by double membrane autophagosomes that later on merge with
lysosomes, forming autolysosomes, and degeneration products can be reused in
other catabolic processes of the cell. When a strong stress signal is present,
autophagy dependent cell death is the consequence of high (above the survival
threshold) turnover rate of proteins and organeles (Wirth et al. 2013). Apart from
DNA damage in the cells IR initiated oxidative stress can cause damage to the
membranes of mitochondria, structural changes in various proteins and
endoplasmic reticulum stress. It has been demonstrated, that these factors can
participate in autophagy cell death (Fulda et al. 2010). Despite that, molecular
mechanisms of IR induced autophagy remains unknown. It has been
demonstrated, that autophagosome formation depends on delivered IR dose. In

addition, it has been reported that the activity of autophagy after IR exposure can
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be stimulated by P53 and PARP1 (Zois and Koukourakis 2009, Minafra and
Bravata 2014).

1.2.4 P53 structure and functions

Transcription factor P53 is a tumor suppressor, that ensures cell division is
halted in cells that have sustained genetic damage, therefore it is considered as
the guardian of the genome (Surget et al. 2013). When various cell stress signals
are present, such as DNA damage, oncogene expression changes, nutritional and
oxygen deficiency P53 can activate the processes of cell death and cell
senescence, which promotes the removal of damaged cells (Vousden and Ryan
2009). Although when the DNA damage is not severe, P53 dependent cell cycle
block, DNA damage repair and the expression of genes that regulate cellular
response to oxidative stress are activated. In this way P53 supports genomic
integrity and promotes cell survival (Brady and Attardi 2010).

The structure of P53 is common transcription factor like (Fig. 1.6)
(Joerger and Fersht 2007). At the N-terminus of the protein two transcription
coactivation domains are located — TAD1 and TAD2, that promote target gene
transcription, by attracting chromatin modifying complexes and other
transcription activating factors (Gamper and Roeder 2008). The most important
domain of P53 is the region responsible for the interaction with target gene
promotor. This domain is the hotspot for the accumulation of mutations. It has
been noted, that the bulk of mutations, implied in the transformation of normal
cells to cancer cells, accumulate in this region (Hainaut and Hollstein 2000). Tet
domain is responsible for P53 tetramerisation (Brady and Attardi 2010). PRD
domain, located at the N-terminus of P53 is responsible for the interaction with
other proteins (Toledo and Wahl 2007), and the basic region located at the C-
terminus interacts with DNA in a sequence independent manner and aids in
strengthening the interaction with the target gene promoter sequence (Kruse and
Gu 2009).
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Figure 1.6. The domain organization of P53 (Brandy and Attardi, 2010).

Under normal conditions, the amount of P53 protein in the cell is regulated
by stimulating constant degradation of the protein or by inhibiting the interaction
of p53 with its target proteins (Helton and Chen 2007). Ubiquitin ligase mouse
double-minute 2 (Mdm2) directs P53 for degradation in proteasomes by
ubiquitination (Brooks and Gu 2006) or interferes with the attachment of
transcription factor coactivators while interacting with P53. When a stress signal
Is present in the cell P53 is activated by posttranslational protein modifications.
For example, DNA damage formed after the exposure to IR promotes the
activation of various kinases (ATM, ATR, DNA-PK, Chkl, Chk2) which
participate in DNA damage repair, that phosphorylate N-terminus amino acids in
the P53 molecule (Appella and Anderson 2000). The phosphorylation of P53 N-
terminus inhibits the its interaction with Mdm2, while also protecting it from
degradation (el-Deiry et al. 1992). Active P53 can attach to DNA and activate the
transcription of target genes or miRNAs (Huarte et al. 2010).

Transcription factor P53 is one of the most important factors in cellular
response to IR induced DNA damage (Fig. 1.7). Depending on the amount of
damage within the cell, P53 can activate different cellular response pathways.
When the amount of DNA damage is not severe, P53 can promote cell survival
by initiating the transcription of genes, involved in cell cycle checkpoints and
DNA damage repair processes (Frantz et al. 2010). Also P53 regulates the
transcription of genes, involved in the antioxidative stress response — namely
sestrin 1 and 2, GPX1, TIGAR. These proteins inhibit the accumulation of ROS
in the cell and support genome integrity (Liu et al. 2008). When severe DNA

damage accumulates in the cell, P53 promotes cell senescence, apoptosis or
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autophagy (Green and Kroemer 2009). It has been demonstrated, that IR induced
DNA damage can initiate apoptosis by P53 dependent or independent pathways.
P53 promotes the expression of genes, encoding for proteins in the proapoptotic
family Bcl-2, such as Bax, PUMA, NOXA, APAF1 and P53AIP1, which are
involved in the intrinsic apoptosis pathway (Harms et al. 2003). Extrinsic
apoptosis pathway can be promoted by P53 mediated expression of death
receptors (e.g.. DR5) (Kuribayashi et al. 2011). It has also been demonstrated,
that P53 can promote apoptosis, by regulating cytochrome c release from
mitochondria (Mihara et al. 2003).
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Figure 1.7. P53 modulates the radiation-induced DNA damage response. Under
normal cell growth conditions P53 protein levels are kept low by ubiquitin-mediated
protein degradation. Phosphorylation of P53 following DNA damage stabilizes and
activates P53. If DNA damage is not severe, P53 promotes cell survival by initiating cell
cycle arrest, regulating DNA repair and inducing other pro-survival pathways, including
autophagy. If DNA damage is severe, P53 induce programmed cell death. Autophagy,
and senescence may also utilized as alternative mechanisms to eliminate damaged cells
(Heldon and Chen, 2007).
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1.7 Tumor microenvironment

Seeking to uncover the molecular processes, promoting normal tissue cell
transformation to cancer cells, in the recent decades the research was mainly
focused on the genetic changes in the cells. The research was mainly directed
towards identification of tumor development promoting or suppressing gene
functions and various mutations, responsible for cancerogenesis as it was shown,
that the deregulated expression of such genes could lead to the cellular
transformation into cancer cells (Tredan et al. 2007). Although later on it was
noticed, that during tumour development the tumor microenvironment, in which
the cells proliferate, is a major factor (Hanahan and Coussens 2012). It was noted,
that cancer cells on their own cannot complete transformation and form tumors,
for that normal tissue cell extracellular matrix and a vascular system are
necessary (Bissell et al. 2002). In the tumor microenvironment, besides the cancer
cells, various other types of cells are found. These include immune cells (e.g.
neutrophils, basophiles, T and B lymphocytes, dendritic cells) and various
connective tissue cells (e.g. endothelial cells and their precursors — pericytes,
smooth muscle cells, fibroblasts, myofibrioblasts) (Mbeunkui and Johann 2009)
(Fig. 1.8). The interactions between cancer cells and corresponding normal cells,
such as macrophages, fibroblasts, endothelial cells, promote tumor genesis and
development (Lorusso and Ruegg 2008).

The components of the tumor microenvironment can be classified into
three main groups: cells of hematopoietic, mesenchymal origin and non-cellular
components. Tumors of different origin and at different stages differ in the
composition of their components, but these three classes of components are
abundant in the microenvironment of all tumors (Pattabiraman and Weinberg
2014).
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Figure 1.8. Tumor microenvironment (Pattabiraman and Weinberg, 2014).

Cells of a hematopoietic origin. Immune cells found in the tumor
microenvironment are very important for tumor development and proliferation to
surrounding tissue. This group of cells is formed from cells originating in bone
marrow, and it can be divided into lymphoid — T, B, and K cells, and myeloid —
macrophage, granulocyte and neutrophil and myeloid-derived suppressor cells
(MDSC). Immune cells are supposed to identify and destroy cancer cells, but it
has been noted, that antigens on the surface of cancer cells, differently from
various pathogens are considered as “native” (Whiteside 2008). Therefore, the
immune cells in the tumor microenvironment not only do not destroy the cancer
cells, but can even promote their proliferation and further tumor development
(Albini and Sporn 2007). Immune cells, while interacting with cancer cells,
excrete growth factors (e.g. epidermal growth factor), chemokines (e.g. CCL2,
CCL4) (Robinson and Coussens 2005) and extracellular medium degenerating
ligands, hence modifying the tumor microenvironment (Coussens and Werb

2002, Pollard 2004). These factors activate tumor cell invasion into surrounding
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tissue, angiogenesis and support a constant inflammatory state in the tumor
microenvironment (Robinson and Coussens 2005).

Cells of a mesenchymal origin — are connective tissue cells (fibroblasts,
myofibroblasts, mesenchymal stem cells MSCs), adipocytes and endothelium
cells. In damaged tissue fibroblasts, reacting to paracrine signaling, differentiate
into myofibroblasts (Li and Wang 2011). They are also called cancer associated
fibroblasts (CAF). Myofibroblasts and their secreted factors together with stem-
cell like cancer cells create niche, that stimulates tumor development and
angiogenesis (Quante et al. 2011). Myofibrioblasts secrete growth factors (e.g.
HGF, FGF and IGF1), which stimulate cancer cell proliferation (Spaeth et al.
2009). Until very recently it was thought, that adipocytes perform the function of
energy accumulation, but recent data shows, that adipocyte secreted hepatocyte
growth factor (HGF) is important during tumor development (Dirat et al. 2011).
Endothelial cells and pericytes, which form blood vessel walls, play an important
role in stimulating angiogenesis, and regulating cancer cell spread to the tissues
of other organs (Armulik et al. 2005).

Non cellular components. For cancer cell survival, migration and
invasion into other tissues, not only immune or connective tissue cells in the
tumor microenvironment are important, but also the extracellular medium
surrounding the tumor cells (Hanahan and Weinberg 2011). Changes in the usual
cell microenvironment, which are caused by structural changes in the
extracellular microenvironment, can activate the transformation of normal cells
into cancer cells or stimulate cancer cell proliferation, the formation of metastases
or the formation of new blood vessels in the tumor (Frantz et al. 2010). All this
can be induced by changes in the composition of the extracellular matrix
(Wozniak et al. 2003, Paszek et al. 2005, Levental et al. 2009), or changes in the
activity of various components of the extracellular matrix or matrix
metalloproteinase (MMP), which deteriorate the extracellular matrix (Lu et al.
2011). Therefore, in order to evaluate tumor development and progression and to

prescribe the most effective anticancer therapy, it is important to focus not just on
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the cancer cell properties, but also the tumor microenvironment should be

considered.

1.8 Extracellular matrix and its composition

Extracellular matrix is a complex and dynamic macromolecular structure
found in the extracellular space that regulates many cell functions and has various
biophysical and biochemical properties (Ozbek et al. 2010). Even though for a
long time the extracellular matrix was thought to be just an inert supplementary
structure, it’s importance in cell biology has been substantially recognized in the
last two decades. This macromolecular structure is specific for different tissues,
hence forming a niche for the cells they contain, which is vital to the supporting
the biological functions of the cells. The extracellular matrix regulates the
behavior of the cells — it is important for the formation of cell-cell connection,
cell-cell interaction and signaling. This non cellular structure connects tissue cells
into a whole, participates in tissue morphogenesis, and is responsible for tissue
homeostasis.

The main components of the ECM are fibril glycoproteins (collagens and a
variety of non-collagenous proteins such as fibronectin and laminin), and
proteoglycans (Jarveldinen et al. 2009). Collagens are the main structural
elements of the ECM and often form the majority of ECM proteins. Collagen
molecules closely interact with elastin, which together determine the elasticity of
the tissue (Wise and Weiss 2009). Fibronectin is a protein that have collagen and
glycosaminoglycan (GAG) binding sites. Through these sites, fibronectins
interact with other molecules in the ECM. In addition, fibronectin also has cell
surface receptor binding sites, which facilitate the cell-ECM interactions (Smith
et al. 2007, Rozario and DeSimone 2010). Laminin is a part of the basal
membrane and affects its formation and physiological functions (Aumailley et al.
2003). Proteoglycans are proteins, covalently linked with glycosaminoglycan
molecules. They fill the space between protein fibrils in the tissue, in the form of

a hydrated gel.
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It is worth noting, that the structure of the extracellular matrix is not
constant, it is constantly modified by MMP proteins (Mott and Werb 2004),
lysine oxidases (LOX), transglutaminases and their inhibitors (Lucero and Kagan
2006). This ensures a two-way interaction between the cell and its surrounding

microenvironment.

1.9 Functions of the extracellular matrix

The ECM has distinct biological, biomechanical and physical properties,
which determine its importance to cell functions (Fig. 1.9). First of all, the ECM
serves as a cell adhesion substrate. Cell adhesion to the basal lamina ensures the
asymmetric division of stem cells and determines tissue polarity. Depending on
the circumstances, the ECM can act as a barrier, halting cell migration or
alternatively — act as a moving direction for migrating cells (Lu et al. 2012).
Various fibril proteins in the ECM are also vital to ensure regular tissue structure,
that determines resistance to stretching and elasticity and also ensures the
functionality of the tissue (Mithieux and Weiss 2005). Proteins of the ECM, rich
in polysaccharide modifications, interact with growth factors, such as bone
morphogenetic protein (BMP), fibroblast growth factor (FGF), Sonic hedgehog
(Sh), Wnt signal proteins (Hynes 2009) and transmit signals to cell surface
receptors, hence initiating intracellular changes in the cell (Rozario and
DeSimone 2010). The components of the ECM (heparan sulfate proteoglycans or
hyaluronic acid receptors) also act as docking molecules - binding various growth
factors and concentrating them — acting as depository of signal molecules. Such
binding regulates the diffusion of these molecules and, depending on the
conditions, can regulate the distribution of growth factors in cell surrounding

microenvironment.
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Figure 1.9. Representative ECM functions (Lu et al., 2012).

The tumor microenvironment also affects the impact of anticancer drugs
and can stimulate cell migration and cancer metastasis (Gu and Mooney 2016).
Structural changes in the ECM are common in the tumor microenvironment. The
increased expression of ECM components and their receptors, responsible for
signal transmission and a greater MMP activity can induce the transformation of
the normal cells into cancer cells in that microenvironment or create better
conditions for the existing cancer cells to form a tumor (Stauder et al. 1995,
Kauppila et al. 1998, Butcher et al. 2009). Tumor cells must constantly be
provided with nutrition, hence the changes in growth factor secretion, such as
vascular endothelial growth factor (VEGF) together with ECM reorganization
stimulate the migration of endothelial cells to tumor tissue and blood vessel
formation, which supports both tumor development and metastasis (Quail and
Joyce 2013).
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1.10 Cell interactions with ECM proteins

Cells that form tissue in vivo are involved in various complex interactions.
Cells interact with each other and form cell junctions — adherent junctions,
desmosomes, tight or gap junctions. The cells also interact with the ECM and
results in the formation of focal adhesions and hemidesmosomes. Cell junctions
are important for tissue formation, nutrition and signal transmission. When
contact with the surrounding cells is lost, cell death often occurs (Gattazzo et al.
2014).

The most important receptor proteins, involved in cell-cell interactions and
cell-ECM interactions are called integrins — heterodimeric transmembrane
proteins, consisting of two transmembrane polypeptides - o and B subunits
(Hynes 2009, Moser et al. 2009). Both receptor subunits are formed of C-
terminus intracellular and N-terminus extracellular domains (Miranti and Brugge
2002). Integrins are unique receptor proteins, distinguished by their ability to
transmit the signal both ways while interacting with the ECM — “outside-in” and
“inside-out” signaling (Zaidel-Bar et al. 2007).

Depending on the distribution of the subunits, integrins can be in an open
or closed conformation (Fig. 1.10) (Moser et al. 2009, Shattil et al. 2010). Closed
conformation integrins are inactive, the subunits are close together (o subunit
arginine and [ subunit lysine form a salt bridge). This subunit conformation
blocks ECM proteins or other cell receptors from binding to it. Closed
conformation integrin heterodimers are stabilized by the binding of cytoplasmic
sharpin, mammary-derived growth inhibitor (MDGI), integrin cytoplasmic
domain-associated ICAM-1 and filamin proteins. Sharpin and MDGI proteins
interact with integrin o subunits and protect the salt bridge between integrin
domains, prohibiting the subunits from moving apart and forming an open
conformation. ICAM-1 and filamin interact with integrin  subunits and compete
with integrin activating protein talin, which also binds to the B subunit. These

inhibitors are of biological importance, because they regulate integrin activity.
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Figure 1.10 A schematic representation of integrin conformation switch. (Pouwels et
al., 2012).

Integrins assume their active form by changing conformation — their
chains straighten and move away from each other (Pouwels et al. 2012).
Depending on the transmitted signal, integrins can be activated in different ways
— by interacting with intracellular ligands, when the signal is transmitted to the
outside, or by interacting with ECM ligands, when the signal is transmitted to the
inside of the cell. Ligand binding induces conformational changes in intracellular
and extracellular domains, which leads to o and B subunit separation, and then
they can interact with various structural and signal proteins in the cell cytoplasm
(Lau et al. 2009). In the first case, integrins are activated by the binding of the
intracellular protein talin. Talin binds to the cytoplasmic [ integrin site and

changes the conformation of integrin (Critchley 2009). Another intracellular
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protein acts together with talin — kindlin, which also binds to the integrin 3
subunit and coactivates integrins. When both of these proteins are bound the
maximum activity of integrin is achieved (Moser et al. 2009). Talins are
important not only to the support of the active integrin conformation, but also to
signal transmission. Trough talin, integrins interact with various intermediate
cytoskeleton proteins (vinculin, paxillin, a-actinin), which bind to actin strands or
interact with signal proteins: FAK, Src, MAP kinases, other regulatory proteins
(Li et al. 2005). Hence integrins mediate, together with intermediate proteins that
interact with them, the transmission of signals from the ECM to the cell, that
mediate cell division, gene expression changes and cell death. (Berrier and
Yamada 2007).

Cell-ECM interactions are very important to various intracellular
processes, responsible for normal cell function. However, it has been noted that
that the interaction between cancer cells and the ECM differs from the normal
cell-ECM interaction. A different signal transduction from the cell to the ECM
and vice versa has also been noted (Lu et al. 2012). It was also demonstrated, that
the expression of integrins that mediate the cell-ECM interactions is different in
cancer cells compared to normal tissue cells (Gabarra-Niecko et al. 2003). For
example, in colon cancer cells the expression of the B6 subunit is elevated, hence
the cells interact more strongly with fibronectin, vitronectin and other ECM
proteins (Zhu et al. 2014). Due to stronger interactions intracellular signal
proteins are activated, which promote the proliferation, survival, mobility and

angiogenesis of cancer cells in tumors in vivo (Mitra and Schlaepfer 2006).

1.11 Tumor models

The most common model system in in vitro research of various molecular
processes is a 2D model system, where cancer cells are cultured in a monolayer.
2D in vitro models assume, that cancer cells grown in a monolayer resemble the
morphology and response to IR of actual tumor cells (Kahn et al. 2012).

However, 2D monolayer cultures do not resemble the complex microenvironment
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of the tumor (Nyga et al. 2011). Cells grown in such model systems
predominantly interact with the plastic surface and growth medium, enriched
with concentrated nutrients resulting in only partial cell-cell interactions. While
native tumor cells interact with the most of their membrane with nearby cells and
the ECM and the distribution and availability of nutrition is uneven (Tibbitt and
Anseth 2012). Cellular microenvironment affects the intracellular processes of
cancer cells, therefore 2D cell culture do not represent all the cellular processes
occurring in the tumor tissue.

Therefore, animal models are applied in cancer research. Human tumor
xenografts are the most widely used in cancer research. For these models,
laboratory mice (Mus musculus) are subcutaneously (or in a different tissue or
organ) injected with a human cancer cell suspension, which forms a tumor in the
mice (Rygaard and Povlsen 1969). Since the immune system of regular mice
would reject human cancer cells, genetically modified mice with an inhibited
Foxnl gene, responsible for the normal development of the thymus, are used.
These mice do not have mature or well-functioning T cells, which lessens the
immune response to xenograft cells (Sausville and Burger 2006). However, the
Immune system plays an important role in tumor development, hence xenografts
cannot accurately represent tumor formation in the human body (Chen et al.
2014). Even though mice xenografts represent the complex microenvironment of
the tumor and allow the observation of cancer cell migration in the body in vivo,
in such systems, due to complex physiological and biochemical processes,
experiments are hard to control. Therefore, as an alternative to in vivo and 2D in
vitro models, 3D model systems are being developed (Katt et al. 2016). This
system is easily manipulated, experimental conditions are easily changed and
cancer cell response can be quickly evaluated. In addition, on the contrary to 2D
model systems, 3D models allow for a microenvironment representative of that of
an actual tumour.

3D in vitro models are used in cancer research as an intermediate model

between cancer cell lines and tumours in vivo. There are four types of 3D multi-
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cell models, used in cancer research: multicellular tumor spheroids (MCYS),
tumorospheres, tissue-derived tumor spheres (TDTS) and organotypic tumor
spheroids (CTOS). Models are characterized by their structure, properties and the
presence of cancer cells (Weiswald et al. 2015).

Multicellular tumour spheroids (MCS) are a 3D model system, formed
from a cancer cell culture suspension. There are several ways, used for tumour
spheroid formation, but all the main methods are based on the same principle — to
ensure conditions, in which cells do not form connections with the surface of the
culturing dish. This facilitates cell-cell adhesion which is the reason for the
forming of spherical cultures (Friedrich et al. 2009). Spheroids formed in such a
3D culture exhibit characteristics common to in vivo tumours — the spheroids are
distinguished by cellular heterogeneity, different cell proliferation zones on the
outer and inner segments of the spheroid. A different gradient of various
substances has also been noted in different zones of the spheroid. Besides that, it
has been noted that cells in such a molecular system start producing ECM on
their own (Gong et al. 2015). Hence, in the MCS model system cells form cell-
cell contacts, and contact with self-produced ECM.

To evaluate the cell-ECM interaction, the effect of the tumor
microenvironment in tumorigenesis and tumor development, other 3D models are
applied, which are formed using ECM protein mixture extracted form tumours in
vivo. ECM protein mixtures contain ECM components: laminins, type IV
collagens, entactins, heparan sulfate proteoglycans, and various growth factors.
These components ensure most of the cell-ECM interactions, also the present
signal molecules increase cell survival, proliferation, affect cell function and
development (Tibbitt and Anseth 2012). In addition, to maintain 3D model
systems synthetic compounds e.g. polylactide, polyglicolide and polylactide and
polyglicolide co-polymers, analogous to ECM proteins can be used. These
compounds are mechanically more resilient than natural ECM proteins, but the
cell interaction with them is far lesser, hence their surface must be modified by

binding certain functional groups (Tibbitt and Anseth 2009).
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2 MATERIALS AND METHODS
2.1  Materials

All chemicals used in the present study were purchased from Carl ROTH,

Sigma-Aldrich and ThermoFisher Scientific.

2.1.1 Materials for cell culture

DMEM - Dulbecco's Modified Eagle Medium, stored at 4°C (Biochrom
AG, Germany);

RPMI 1640 — Roswell Park Memorial Institute cell culture medium, stored
at 4°C (ThermoFisher Scientific, USA);

Antibiotics — streptomycin, penicillin — powder, stored at 4°C (Sigma-
Aldrich, USA);

FBS — fetal bovine serum, stored at -20°C or 4°C (Biochrom AG);

GlutaMAX - a stabilized form of L-glutamine, 200 mM L-alanyl-L-
glutamine solution, stored at room temperature (ThermoFisher Scientific);

Sodium pyruvate — 100 mM solution, stored at 4°C (ThermoFisher
Scientific).

Low melting agarose — powder, stored at room temperature (Carl ROTH,
Germany);

Geltrex™ — soluble form of laminin-rich extracellular matrix (Ir-ECM)
isolated from Engelbreth-Holm-Swarm (EHS) murine tumors (ThermoFisher
Scientific);

Cell culture dishes — 25 cm? cell culture flasks; 6, 24 ir 96 well culture
plates (Biochrom AG);

Trypsin — powder, stored at 4°C (Biochrom AG);

EDTA (Ethylenediaminetetraacetic acid) — powder, stored at room
temperature (Carl ROTH).
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2.1.2 Other materials

Buffer solutions: PBS - saline solution (pH 7,4) containing 137 mM
NaCl, 2.7 mM KCI, 10 mM Na:HPOs, 1.8 mM KH2PO4, stored at room
temperature; DPBS - saline solution (pH 7.4) containing 137 mM NacCl, 2.7 mM
KCI, 8.1 mM NazHPOQOg4, 1.47 mM KH2PO4 , stored at room temperature;

Crystal violet ([4-[bis[4-(dimethylamino) phenyl] methylidene]
cyclohexa-2,5-dien-1-ylidene] - dimethylazanium chloride) 0,5% solution
prepared in distilled water and stored at room temperature (Carl ROTH);

Agarose gel — 1% low melting point (LMP) agarose prepared in PBS (Carl
ROTH);

Triton X-100 — nonionic surfactant, stored at room temperature (Carl
ROTH);

Roti-Histofix — paraformaldehyde 10 % solution, stored at room
temperature (Carl ROTH);

BSA — Bovine serum albumin powder, stored at 4°C (Carl ROTH).

2.1.3 Cell cultures and experimental animals

DLD1 — Human colon adenocarcinoma cell line (ATCC® CCL221™). The
base medium for this cell line is RPMI 1640 containing 10% FBS, 100 U/ml
penicillin, 100 pg/ml streptomycin, 3.5 g/l glucose, 2 mM L-alanyl-L-glutamine,
2 g/l NaHCO:a.

HT29 — Human colon adenocarcinoma cell line (ATCC® HTB-38™). The
base medium for this cell line is DMEM containing 10% FBS, 100 U/ml
penicillin, 100 pug/ml streptomycin, 3.5 g/l glucose, 2 mM L-alanyl-L-glutamine,
3.7 g/l NaHCO:s.

LLC1 — mouse Lewis lung carcinoma cell line established from the lung
of a C57BL mouse bearing a tumor resulting from an implantation of primary
Lewis lung carcinoma (ATCC® CRL-1642™), The base medium for this cell line
is DMEM containing 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 3.5
g/l glucose, 2 mM L-alanyl-L-glutamine, 3.7 g/l NaHCO:s.
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C57BL/6 mice (Vilnius University Institute of Biochemistry, Lithuania) —
10-12 weeks male mice (19-22g) were used for experiments in vivo. Animals
have been utilized according Lithuania Animal Protection Association

recommendations.

2.2 Methods
2.2.1 Cell culture maintenance

Cells were maintained in a CO: incubator at 37°C, 5% CO. and 95%
humidity. Cell growth was observed using inverted microscope Nikon TS 100-F
(Nikon, Japan).

For the 2D cell culture, cells were passaged 3 times in a week. Briefly, cell
culture medium was discarded from 25 c¢cm? cell culture flasks and cells were
washed 3 times in 5 mL of PBS. Then cells were treated with 1 mL of 0.5%
trypsin and 0.02% EDTA solution in PBS. After cell detachment, the trypsin
solution was neutralized with 4 mL of fresh complete growth medium followed
by gentle pipetting. Cell suspension was transferred into 15 mL tubes and
centrifuged at 500xg for 5 min. The supernatant was discarded and cells were
resuspended in fresh complete growth medium, counted and plated for
experiments or plated in 25 cm? cell culture flasks for the further passage
maintenance.

For the Ir-ECM 3D cell culture, cells were utilized only during
experiments. Briefly, cells were embedded in 0.5 mg/ml laminin rich extracellular
matrix (Ir-ECM; Geltrex®, ThermoFisher Scientific) solution in complete cell
culture medium in a cell culture plates precoated with 1 % agarose solution in
PBS to avoid cell attachment on plastic surface. If needed, cells were transferred
into 15 mL tubes and centrifuged at 1000xg for 5 min. The supernatant was

discarded and cells were utilized for corresponding experimental procedures.
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2.2.2 Animal model maintenance

C57BL/6 mice were injected subcutaneously with Lewis lung carcinoma
(LLC1) cells (1x10° cells suspended in DMEM medium) in the right groin.
Animals were sacrificed, tumors excised, homogenized and resuspended in
normal saline 10 days following the implantation. Experimental group of mice
was injected with 0.2 ml of the obtained suspension in the right groin. Mice were
housed at a constantly maintained temperature (22+1 °C), relative humidity
(55+10%) and photoperiod (12 h light/dark cycle) in the Open Access Centre at
National Cancer Institute, Lithuania. The animals were fed standard rodent chow
and purified water ad libitum. Tumor volume was determined by measuring the
diameter with vernier calipers and calculating the volume according to the
following formula: tumor volume =L x W x H x /6 (L is length, W is width and
H is height of tumor). Tumors reached 400-600 mm3volume in 10 days following
implantation. Then animals were irradiated. All animal procedures were
performed in accordance with the guidelines established by the Lithuanian Care

Committee which approved the study (N0.0190)

2.2.3 Experimental design of 2D and 3D cell culture models

All experiments were performed according to the scheme shown in Figure
2.1. For the 2D cell culture, cells were plated in 25 cm? flasks. The plating
density was as follows: DLD1 ir HT29 — 3x10* cells per cm?; LLC1 — 2,5x10*
cells per cm?. For the Ir-ECM 3D cell culture, cells were embedded in 1 mL of
0.5 mg/ml Ir-ECM/complete growth medium in 24 well plates pre-coated with
agarose layer. The plating density was as follows: DLD1 ir HT29 — 5x10* cells
per mL; LLC1 - 2,5x10* cells per mL. 48 h following cell growth, the
morphology of cells grown under different cell culture conditions was evaluated
using inverted microscope Nikon TS 100-F (Nikon) or confocal microscope Zeiss
7Duo Live (Zeiss, Germany). Then cells were harvested for the isolation of RNA
as described in section 2.2.1. Total RNA was isolated from DLD1 and HT29 cells
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Figure 2.1. Experimental scheme of cells grown under 2D or Ir-ECM 3D cell
culture conditions.

as described in section 2.2.7. Total RNA enriched in small noncoding RNAs was

isolated from LLC1 cells as described in section 2.2.7.

2.2.4 Irradiation scheme

Cell culture irradiation. All experiments were performed according to the
scheme shown in Figure 2.2. Cells were irradiated with a single dose of up to 10
Gy or a fractionated dose course of 2 Gy daily for up to 5 days using Varian 6MV
Clinac 600 C/D linear accelerator X-ray system at room temperature. The dose
rate was approximately 3 Gy/min. To evaluate clonogenic survival, cells were
plated into the cell culture dishes 24 h before irradiation. To evaluate
transcriptomic profiles of cells exposed to irradiation, cells were plated into the
cell culture dishes 48 h before irradiation. For the 2D cell culture, cells were
seeded into 25 cm? cell culture flasks for RNA isolation or 6-well plates for
clonogenic survival assay (500 - 10000 cells per well). For total RNA isolation,
the plating density was as follows: for both cells lines (DLD1 and HT29) — 3x10*
or 0.4 x10* cells per cm? for SD or FD irradiation regimen, respectively. For the
isolation of total RNA enriched in miRNAs, LLC1 cells were seeded at the
density of 2.5x10% or 0.35 x10* cells per cm? for SD or FD irradiation regimen,
respectively. For the 3D cell culture, cells were embedded into 0.5 mg/ml Ir-ECM
solution in complete growth medium in 24-well cell culture plates for RNA
isolation (5 x10%and 1 x10* cells per well for SD or FD, respectively) or in a 96-
well plate for clonogenic survival (500-1000 cells per well). 24 — 48 h after cell

growth, cells were exposed to SD or FD irradiation. Clonogenic survival was
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Figure 2.2. Irradiation scheme. LLC1, DLD1 and HT29 cells grown in 2D and Ir-ECM
3D cell culture or LLC1 tumors were exposed to a single dose of up to 10 Gy or a
fractionated dose course of 2 Gy daily up to five days. Xi represents treatment with
single dose or the first dosage of 2 Gy of fractionated dose irradiation. X - Xs represent
the corresponding fractions of fractionated dose treatment.

evaluated counting colonies formed following 8 days after the start of irradiation.
RNA was isolated at 4 h following treatment with SD or FD irradiation. In all
experiments the same experimental design and separate controls of non-irradiated
cells were used for SD or FD regimens.

Tumor irradiation. All experiments were performed according to the
scheme shown in Figure 2.2. Briefly, before irradiation, animals were tied in a
customized harness that allowed the groin to be exposed to irradiation, whereas
the rest of the body was shielded by lead. LLC1 tumors were exposed to a single
dose of 2 and 10 Gy or a fractionated dose course of 2 Gy daily for up to 5 days
using Varian 6MV Clinac 600 C/D linear accelerator X-ray system (Varian, Palo
Alto, CA, USA) at room temperature. The dose rate was approximately 3 Gy/min.
4 h following treatment with SD or FD irradiation animals were sacrificed,
tumors excised and utilized to isolate total RNA. Over all of the experiments

separate controls were used for SD or FD regimens.

2.2.5 Clonogenic survival assay

For the 2D cell culture, a single cell suspension was plated in 6 well plates

at the range of 500-10000 cells per well accordingly to a dose of irradiation. 24 h
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after, cells were exposed to a single dose of up to 10 Gy or a fractionated dose
course of 2 Gy daily up to 5 days. Immediately after the exposure to irradiation,
cell culture medium was removed and cells were washed twice by 1 mL of PBS.
Then 2 ml of fresh cell culture medium was added and plates were placed in an
incubator (37°C, 5% CO,). 8 days after the start of irradiation, cells were washed
by 1 mL of PBS and fixed by 1 mL of 50% methanol for 10 min. Methanol was
removed and plates were left to dry. Then cells were stained with 1 mL 0,5%
crystal violet solution for 30 min. Colonies (>50 cells per colony) were counted
and clonogenic survival was evaluated as described previously (Buch et al. 2012).
For the 3D cell culture, a single cell suspension was embedded in 200 pL
of 0.5 mg/ml Ir-ECM solution in complete growth medium in 96 well plates
precouted with 1% agarose gel layer at the range of 500-1000 cells per well
accordingly to a dose of irradiation. 24 h after, cells were exposed to a single dose
of up to 10 Gy or a fractionated dose course of 2 Gy daily up to 5 days.
Immediately after the exposure to irradiation, a half cell culture medium was
removed and cells were washed twice by 100 pL of fresh cell culture medium.
Plates were placed in an incubator (37°C, 5% CO.). 8 days after the start of
irradiation, formed colonies were counted and clonogenic survival was evaluated

as described previously (Eke et al. 2012).

2.2.6 Fluorescence microscopy

Cells plated on glass cover were washed twice with PBS and fixed with
4% paraformaldehyde (PFA) (diluted in PBS). Fixed cells were washed 3 times
for 5 min. with PBS. Cell permeabilization was performed with ice-cold 0.1%
Triton X-100 in PBS for 10 min. Staining was accomplished with Alexa®633
Phalloidin (ThermoFisher Scientific) in PBS containing 1% BSA for 30 min and
5 pg/ml Dapi (Sigma-Aldrich) in PBS for 3 min at room temperature. All staining
steps were followed by 3 wash steps in PBS for 5 min at room temperature.
Finally, slides were mounted with Roti®-MountFluorCare mounting media (Carl

ROTH). Images were obtained using Zeiss LSM 7 Duo Live confocal microscope
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(Zeiss) and 40x/1.3 immersion objective and excitation wavelengths of 405 nm
and 633 nm.

2.2.7 RNA and miRNA extraction

Total RNA isolation. Approximately a total of 1 x 10° cells were
harvested and total RNA was isolated using GeneJET RNA Purification Kit
(ThermoFisher Scientific) according to the manufacturer‘s instructions. Before
lysis, cells were harvested as described in section 2.2.1. Briefly, pelleted cells
were lysed in 600 ul of Lysis buffer. 360 ul of 96% EtOH was added and each
sample was mixed well by pipetting. Each 700 pL of lysates was transferred into
the GeneJET RNA Purification Column and centrifuged at 12000xg for 1 min.
Total RNA purification columns were washed according to manufacturer’s
instructions and transferred into a sterile 1.5 mL RNase-free microcentrifuge
tube. For the elution of total RNA, 50 uL of nuclease-free water was added and
samples were centrifuged for 1 min at 12000xg. Collected total RNA was stored
at —70°C.

Isolation of total RNA enriched in miRNAs. Approximately a total of 1
x 10° cells of 100 mg cells from tumor in vivo were harvested and total RNA
enriched with small noncoding RNAs was isolated using mirVVana RNA isolation
kit (ThermoFisher Scientific) according to the manufacturer’s instructions.
Pelleted cells were lysed in 600 pl of Lysis buffer. 60 ul of Lysis buffer additive
was added to lysate. Each sample was resuspended well by pipetting and
incubated on ice for 10 min. Then 600 pl of Acid-Phenol:Chloroform was added.
To separate the aqueous and organic phases, all samples were vortexed for 40 s
following centrifugation at 12000xg for 5 min at room temperature. The aqueous
phase was mixed with 750 pl of 96% EtOH in a fresh nuclease-free tube. Each
sample mixture was transferred into the Filter Cartridges then centrifuged at
12000xg for 15 s. Filter Cartridges containing total RNA were washed according
to manufacturer’s instructions and transferred to a fresh nuclease-free tube. Total
RNA enriched in miRNAs was eluted with 50ul of pre-heated (95°C) nuclease-
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free H>O following centrifugation for 30 s at 12000xg. Collected RNA stored at —
70°C.

The quantity and purity of total RNA was determined using
spectrophotometer Nanodrop 2000 (Thermo Scientific) and Agilent 2100
bioanalyzer (Agilent Technologies, USA).

2.2.8 Analysis of total RNA by capillary electrophoresis

Capillary electrophoresis was performed using a RNA 6000 Nano Kit
(Agilent Technologies) in Agilent 2100 bioanalyzer (Agilent Technologies)
according to manufacturer‘s instructions. Briefly, 550 ul of Agilent RNA 6000
Nano gel matrix were centrifuged at 1500xg for 10 min in a spin filter cartridge.
Then 65 pL of filtered gel was mixed with 1 pL of the RNA dye concentrate. The
mixture was vortexed well and spun down at 13000xg for 10 min at room
temperature. To denaturate the secondary structures of RNA which can modify
RNA mobility during electrophoresis, RNA samples were heated at 70°C for 2
min. and cooled down in ice bath. The RNA chip was prepared as follows:
corresponding chip wells were primed with 9 ul of the gel-RNA dye mixture.
Sample wells were filled with 5 pl of RNA marker and 1 pl of RNA. Then 1 pl of
Agilent RNA 6000 Ladder was added to a corresponding well and the RNA chip
was vortexed at 2400 rpm for 1 min. Capillary electrophoresis was performed
using Agilent 2100 bioanalyzer (Agilent Technologies). The data obtained were
analyzed using Agilent 2100 Expert ver. B.02.08 (Agilent Technologies)
software. In order to evaluate integrity and quality of RNA, RIN (RNA integrity
number) was calculated. RIN values of all RNA samples which were further

utilized for microarray hybridization were >9.5.

2.2.9 Genome-wide gene expression analysis
2.2.9.1 Antisense MRNA synthesis

MessageAmpTM I aRNA Amplification Kit (Ambion) was used for

aRNA synthesis according to manufacturer’s instructions.
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First strand cDNA synthesis. Briefly, each 20 pl of the FS RT reaction
mix in the FS buffer contained 1 pg of total RNA, 1 ul of T7-Oligo(dT) primer; 4
pl of ANTP mix; 1 pl of RNase inhibitor and 1 pl of ArrayScript reverse
transcriptase. The first strand cDNA synthesis was performed at 42°C for 2 hours
following short centrifugation (~5 sec) to collect the contents at the bottom of the
tubes. Then the samples were placed on ice and the synthesis of second strand
cDNA was proceeded immediately.

Second strand cDNA synthesis. Briefly, each 100 pl of SS reaction mix
in SS buffer contained 20 ul of FS ¢cDNA; 4 ul of ANTP mix; 2 pl of DNA
polymerase and 1 pl of RNase H. SS cDNA synthesis was performed at 16°C for
2 h. Double-stranded cDNA were purified immediately after incubation.

dsDNA purification. 250 uL of cDNA Binding Buffer was added to each
sample and mixed thoroughly by pipetting. The cDNA sample/cDNA Binding
Buffer was pipetted onto the center of the cDNA Filter Cartridge and centrifuged
at 10,000xg for 1 min. cDNA Filter Cartridges were washed according to
manufacturer’s instructions and transferred into a sterile 1.5 mL RNase-free
microcentrifuge tube. cDNA was eluted with 18 pL of preheated Nuclease-free
Water (55°C) at 10,000xg for 1 min. The synthesis of aRNA was proceeded
immediately.

In vitro transcription. Each 40 pl of aRNA synthesis reaction mix in the
IVT reaction buffer contained 16 ul of cDNA, 4 ul of ATP, 4 ul of CTP, 4 ul of
GTP, 4 ul of UTP and 4 pl of T7 RNA polymerase. The aRNA synthesis was
performed at 37°C for 8 hours. The synthesis reactions were stopped adding 60 pl
of Nuclease-free H>O to each aRNA sample. Next, samples were proceeded to the
aRNA purification immediately.

Antisense RNA (aRNA) purification. Briefly, each of the aBRNA samples
was mixed with 350 uL of aRNA Binding Buffer and 250 puL of 96% ethanol.
Then, each of sample mixture was transferred to the aRNA Filter Cartridge tubes
and spun down at 10,000xg for 1 min. aRNA Filter Cartridges were washed

according to manufacturer’s instructions and transferred into a sterile 1.5 mL
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RNase-free microcentrifuge tube. aRNA was eluted in 50 pL of preheated
nuclease-free water (55°C) at 10,000xg for 1.5 min.

The quantity and the quality of aRNA samples were determined using
spectrophotometer Nanodrop 2000 (Thermo Scientific) and Agilent 2100
bioanalyzer (Agilent Technologies). Collected aRNA stored at —70°C.

2.2.9.2 Fluorescent labeling of aRNA

aRNA was labeled with fluorescent Cy3/Cy5 dyes using Arcturus®
TURBO labeling™ Cy™3/Cy™5 Kit (ThermoFisher Scientific) according to
manufacturer’s instructions. Briefly, each 20 ul of the reaction mix in the labeling
buffer contained 2 pg of aRNR, 5 ul of Turbo Cy3 (for control samples) or 5 pl of
Turbo Cy5 Reagent (for treated samples). The aRNA labeling reactions were
performed at 85°C for 15 min. The excess of Cy3 and Cy5 dyes was removed by

the purification according to manufacturer’s instructions.

2.2.10 mRNA microarray hybridization

Each 30 pl of the fragmentation reaction mixture in the fragmentation
buffer contained 825 ng of aRNR labeled with Cy3, 825 ng of aRNR labeled with
Cy5 and 6 pl of 10x blocking agent. The aRNA fragmentation was at 60°C for 30
min. The fragmentation reaction was stopped adding 30 ul of 2x GEx HI-RPM
hybridization buffer (Agilent Technologies). Then samples were centrifuged at
13000xg for 1 min and kept on ice until the hybridization. The hybridization was
performed in an automated HS 400™ Pro hybridization station (Tecan,
Switzerland) using Agilent Mouse Whole Genome 4x44k Oligonucleotide
Microarrays (Agilent Technologies) for LLC1 samples or Agilent Human Whole
Genome 4x44k ver2 Microarrays (Agilent Technologies) for DLD1 and HT29
samples. Briefly, the microarrays were pre-washed with prehybridization buffer
(Agilent Technologies) at 65°C for 1 min. Each 55 pl of aRNA prepared for
hybridization was pipetted into the corresponding hybridization chambers. The

microarray hybridization was performed at 65°C for 17 hours. Then microarrays
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were washed with gene expression wash buffer 1 (Agilent Technologies) for 1.5
min at room temperature, gene expression wash buffer 2 (Agilent Technologies)
for 1.5 min at 37°C and dried at 30°C for 2 min in N2 atmosphere. After
hybridization, microarrays were kept at room temperature in the dark.

The microarrays were scanned using LS Reloaded™ sanner (Tecan,
Switzerland), at 6 pm resolution and were managed by Array-Pro Analyzer ver.
4.5.1.73 software (MediaCybernetics, USA). Received images were saved in 16-
bit TIFF format. ImaGene™ ver. 9.0 software (BioDiscovery, USA) was used for
microarray image analysis; generated data was further processed using
GeneSpring GX ver. 11.0 software (Agilent Technologies). Loess normalization
was performed to adjust microarray data for variation. Fold change above 1.5
(with p-value <0.05) was defined as differentially expressed between two
conditions. P values were adjusted with Benjamini-Hochberg multiple testing

correction.

2.2.11 Global miRNA expression analysis
2.2.11.1 Fluorescent labeling of miRNA

MiRNA was labeled using miRNA Complete Labeling and Hyb Kit
(Agilent technologies) according to manufacturer’s instructions. Briefly, each 4 ul
of CIP reaction mixtures in the CIP buffer contained 100 ng of total RNA and 0.5
ul of calf intestinal phosphatase. The reactions were incubated at 37°C for 30
minutes to dephosphorylate the samples and stopped transferring samples on ice.
Next, to denaturate RNA, 2.8 ul of DMSO was mixed with each sample. Samples
were incubated at 100°C for 5 minutes and immediately transferred to ice-water
bath. Then the ligation reaction was started immediately. Each 11.3 uL of ligation
reactions in the T4 RNA ligase buffer contained 6.8 pl of denaturated RNA, 3 pl
of Cyanine 3-pCp and 0.5 pl of T4 ligase. The reaction mixtures were gently
mixed by pipetting and gently spun down. Then the RNA ligation was performed
at 16°C for 2 hours. After the incubation, each sample was dried completely in a

vacuum concentrator (Eppendorf, Germany) at 55°C.
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2.2.11.2 MiRNA microarray hybridization

The hybridization mix was prepared as follows: dried samples were
resuspended in 18 pl nuclease-free water and mixed with 4.5 pl of Gene
Expression Blocking Agent and 22.5 ul of 2x Hi-RPM Hybridization Buffer
following the incubation at 100°C for 5 min. Each reaction mix was cooled down
in ice bath for 5 min and centrifuged for 1 min. at 12000xg. Each 35 pl of Cyt3
labelled miRNA samples was kept on ice until the hybridization. In a further step
samples were hybridized to Agilent mouse miRNA 8x15K microarrays containing
probes for 627 mouse MiRNAs from Sanger database v.12 (Agilent Technologies)
for 20 h at 55°C in a rotating hybridization oven. Then microarrays were washed
in slide-staining dishes with gene expression wash buffer 1 in at room temperature
for 5 min and with gene expression wash buffer 2 at 37°C for 5 min. The
microarrays were scanned immediately.

Global miRNA expression microarrays were scanned with Agilent
SureScan Microarray Scanner (Agilent Technologies). Microarray images were
extracted using Extraction Feature v10.7.3.1 software (Agilent Technologies). To
normalize raw probe values, experimental samples were scaled to mean of control
samples using GeneSpring GX v11.0 software (Agilent Technologies). miRNAs
that showed expression values above fold change 2 (with P-value <0.05) were
defined as differentially expressed between two conditions. P values were adjusted

with Benjamini-Hochberg multiple testing correction.

2.2.12 Gene and miRNA expression analysis by RT-qPCR
2.2.12.1 cDNA synthesis

RevertAid RT Kit (ThermoFisher Scientific) was used for the cDNA
synthesis according to the manufacturer’s instructions.

cDNA synthesis for evaluation of the mRNA expression. Briefly, 1 ug
of total RNA was added to 20 pL reverse transcription (RT) reaction volume
containing 5 uM random hexamer primers, 1 uM of dNTP mix, 20 U RNase

inhibitor and 20 U reverse transcriptase. Then the RT reaction mixtures were
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incubated at 25 °C for 5 min followed by cDNA synthesis at 42 °C for 60 min.
and terminated by heating at 70 °C for 5 min. The RT reaction samples were
stored at -70 °C.

cDNA synthesis for evaluation of the miRNA expression. Briefly, 0.2
ug of total RNA was added to 20 puL. RT reaction volume containing 1 uM
specific RT primer, 1 uM of dNTP mix, 20 U RNase inhibitor and 20 U reverse
transcriptase. The mixture was incubated at 25 °C for 20 min followed by
synthesis at 37 °C for 60 min. and terminated by heating at 70 °C for 10 min. The
reverse transcription reaction product was stored at -70 °C. The sequences of

specific RT primers are shown in supplementary table 1.

2.2.12.2 RT-gPCR

Real time gPCR for evaluation of the mRNA expression. RT-gPCR was
performed on MasterCycler RealPlex* RT-PCR system (Eppendorf) using 2x
KAPA SYBR FAST gqPCR Master Mix (KAPA Biosystems, USA) according to
manufacturer’s instructions. To validate differential expression of genes obtained
from microarray data, all reactions were performed in a 10 pL reaction volume
containing 5 pL 2x KAPA SYBR FAST gPCR Master Mix, 1 pL 5-fold diluted
cDNA, 0.2 pL volume of 10 uM forward and reverse primer mixture and 3.8 pL
nuclease-free water. The reaction conditions were as follows: pre-denaturation at
95 °C for 3 min. followed by amplification of 40 cycles of 3s at 95 °C and 30 s
min at 60 °C. The relative changes in gene expression were evaluated by AACy
method as described previously (Livak and Schmittgen 2001). For the
normalization of the expression data, Hprtl or Gapdh were used as reference
genes. The sequences of primers used for the amplification are shown in
supplementary table 2.

Real time qPCR for evaluation of the miRNA expression. To validate
differential expression of miRNA obtained from microarray data, all reactions
were performed in a 10 pL reaction volume containing 5 uL 2x KAPA SYBR
FAST qPCR Master Mix, 1 pL 2-fold diluted cDNA, 0.2 pL volume of 10 uM
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forward and reverse primer mixture and 3.8 pL nuclease-free water. The reaction
conditions were as follows: pre-denaturation at 95 °C for 3 min, followed by
amplification of 3 cycles 15s at 95 °C, 1 min at 55 °C, 30 s at 60 °C and 32 cycles
10s at 95 °C, 30 s at 60 °C. The relative changes in miRNA expression were
evaluated by AAC: method. For the normalization of the expression data,
SnoRNA-135 was used as a reference gene. The sequences of primers used for

the amplification are shown supplementary table 3

2.2.13 Pathway enrichment analysis

The functional significance of differentially expressed genes (fold change
>1.5; P<0.05) following SD and FD irradiation was evaluated using WebGestalt
(WEB-based GEne SeT AnaLysis Toolkit; www.webgestalt.org) online source
toolkit as described previously (Wang et al. 2013). Data sets were uploaded into
WebGestalt toolkit and mapped to the functional KEGG pathway categories. P
values were calculated using hypergeometric test and adjusted with Benjamini-
Hochberg multiple testing corrections. Functional categories associated in at least
5 genes and P<0.05 were considered as significant. The miRNA target enrichment
analysis was performed with Diana Tools (Diana.imis.athena-innovation.gr) using
microT-CDS algorithm, as described previously (Vlachos et al. 2012,

Paraskevopoulou et al. 2013).

2.2.14 Statistical analysis

Data were analysed using GraphPad v6.0 software (Graphpad Software,
USA). Student’s t test was used to compare the two groups. P<0.05 was
considered as statistically significant. All experiments were independently

repeated at least 3 times.

2.2.15 Open access microarray data deposition

All  microarray generated data were uploaded in GEO database
(www.ncbi.nlm.nih.gov/geo). GEO accession numbers for the corresponding

global expression studies are:

54



GSEB84108 - Gene expression profile of mouse Lewis lung carcinoma cell line
treated with single or fractionated ionizing radiation doses;

GSEB84109 - miRNA expression profile of mouse Lewis lung carcinoma cell line
treated with single or fractionated ionizing radiation doses;

GSE75863 - Gene expression profile of mouse Lewis lung carcinoma cell line
cultivated in 2-dimensional or 3-dimensional cell culture enriched with laminin
rich extracellular matrix proteins;

GSE75862 - miRNA expression profile of mouse Lewis lung carcinoma LLC1
cell line cultivated in 2-dimensional or 3-dimensional cell culture enriched with
laminin rich extracellular matrix proteins;

GSE75551 - Gene expression profile of two colorectal cancer HT29 and DLD-1
cell lines cultivated in 2-dimensional or 3-dimensional cell culture enriched with
laminin rich extracellular matrix proteins;

GSE75915 - Gene expression profile of two colorectal cancer HT29 and DLD-1
cell lines treated with single or fractionated ionizing radiation doses under 3D cell

culture conditions.
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3 RESULTS

3.1 Gene and miRNA expression profiles of mouse Lewis lung
carcinoma LLC1 cells following single or fractionated dose irradiation

There is an emerging body of knowledge on the comprehensive molecular
mechanisms involved in the cellular response to FD irradiation as well as the
mechanisms associated with resistance to RT. Previous reports have shown that
treatment with multiple fractions of irradiation had a different gene expression
signature in several cancer cell lines when compared to the exposure to SD
irradiation (Tsai et al. 2007, John-Aryankalayil et al. 2010). For instance,
exposure to 10 Gy delivered as fractionated irradiation resulted in more robust
changes in differential gene expression in prostate cancer PC3 and DU145 cells
(Simone et al. 2013). In addition, as demonstrated by the gene expression
profiles, exposure to FD irradiation also induced a significantly different miRNA
expression profile compared to cells exposed to SD (John-Aryankalayil et al.
2012, Palayoor et al. 2014). miRNAs play an important role in the regulation of
the expression of genes involved in cellular response to radiation-induced DNA
damage (Zhao et al. 2013). Previous studies have also reported that the
modulation of mMiRNA expression levels in cancer cells can alter their sensitivity
to irradiation (Weidhaas et al. 2007, BALCA-SILVA et al. 2012, Gong et al.
2015). Therefore, the integration of gene and mIRNA signatures of
radiosensitivity could lead to a more reliable strategy for predicting radiation-
induced cellular response. Furthermore, the interference of radiation-specific
miRNAs could be implemented in direct antitumor effects and improve the
response of tumor cells to RT.

Several previous studies using the gene expression microarray approach
indicated a different set of genes in several human cancer cell xenografts after
exposure to irradiation compared to cells irradiated in vitro suggesting that tumor
microenvironment might influence the outcome of irradiation (Camphausen et al.
2005, Tsai et al. 2007) . LLC1 cell line was established from the lung of a C57BL
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mouse bearing a tumor of primary Lewis lung carcinoma. This cell line is highly
tumorigenic and the implanted cells are immunologically compatible with the
murine immune system, unlike the widely used human cancer xenograft models.
Consequently, it is primarily used as syngeneic animal model to evaluate efficacy
of anticancer treatment in vivo (Pawlik et al. 2009). Therefore, in order to
integrate miIRNA and mRNA expression profiles of cancer cells exposed to IR to
improve the development of more efficient radiotherapy, in this study we
analysed genome-wide gene and miRNA expression changes in LLC1 cells
exposed to single dose of 2 Gy or 10 Gy and fractionated dose of 5x2 Gy
irradiation using a syngeneic animal model. All experiments were performed

according to experimental design described in Methods section 2.2.4.

3.1.1 Clonogenic survival

Clonogenic survival analysis was performed as described in Methods
section 2.2.5. The results showed that LLC1 cells were more sensitive to exposure
to single dose (SD) irradiation compared to treatment with fractionated dose (FD)
irradiation. The surviving fractions of LLC1 cells following 2-10 Gy single dose
irradiation were 0,622 + 0,041 — 0,0011 + 0,00051. LLC1 cell survival decreased
to 0,1981 + 0,0465 following fractionated dose (FD) irradiation up to 5x2 Gy.

Survival data of LLC1 cells exposed to IR is depicted in supplementary table 4.

3.1.2 Genome-wide mMRNA expression changes

Genome wide mRNA expression analysis was performed as described in
Methods section 2.2.9. The microarray data analysis revealed that a total of 2294
genes were differentially expressed (fold change > 1.5; P < 0.05) in LLCL1 cells
4h following treatment of single dose (of 2 Gy (SD2) or 10 Gy (SD10)) or
fractionated dose of 5x2 Gy (FD) irradiation compared to untreated cells (Fig.

3.1). The amount of differentially altered genes was irradiation dose
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Figure 3.1 Venn diagrams. Venn diagrams showing the number of genes (fold change
is at least 1.5 and p<0.05) differently expressed in LLC1 cells after SD (2 Gy and 10 Gy)
and FD (5x2 Gy) irradiation.

delivery dependent. The exposure of LLC1 cells to 2 Gy SD resulted in
differential expression of 422 genes. By contrast, the expression of 1258 and
1465 genes was significantly altered after the exposure to SD10 and FD
irradiation, respectively. The ratio of upregulated and downregulated genes was
similar following all irradiation regimens. The microarray data analysis also
revealed that 145 differently expressed genes were common between all

irradiation regimens.

3.1.3 KEGG pathway enrichment analysis

In order to elucidate which pathways were significantly affected by
irradiation treatment, genes found to be differentially expressed (fold change >
1.5; P < 0.05) in LLC1 cells following SD or FD irradiation protocols were
grouped into functional KEGG pathway categories as described in Methods
section 2.2.13 (Table 3.1). The KEGG pathway enrichment analysis revealed that
the cell cycle and P53 signaling pathway categories were the most significantly
altered following all irradiation regimens, and P53 related DNA replication and
apoptosis categories were also significantly altered after SD10 and FD irradiation
regimens. Genes associated with “Pathways in Cancer” were most significantly
enriched among all KEGG categories following SD10 and FD irradiation.
Furthermore, after exposure to SD10 or FD the second most significantly altered
functional categories were related to DNA repair (Mismatch repair, Nucleotide

excision repair, Base excision repair) and Immune response (Cytokine-cytokine
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receptor interaction, Hepatitis C, Chemokine, B cell receptor, Jak-STAT and
Toll-like receptor signaling pathways). The pathway enrichment data in Table 3.1
also revealed that irradiation of SD10 or FD significantly altered the expression
of genes involved in MAPK, TGF-beta, VEGF, WNT and insulin signaling
pathways.

Table 3.1. KEGG pathway enrichment categories of genes differentially expressed in
LLC1 cells following SD (2Gy or 10 Gy) or FD (5x2 Gy) irradiation.

Category 2 Gy 10 Gy 5x2 Gy
Genes  p value Genes  pvalue Genes p value
Pathways in cancer 11 0.0005 38 1.76E-16 53 3.50E-27
Cell cycle 5 0.0069 25 2.88E-16 28 3.48E-18
P53 signaling pathway 10 2.37E-09 15 2.07E-10 24 2.46E-20
MAPK signaling pathway 0 NS 20 2.73E-06 29 8.91E-11
Cytokine-cytokine receptor 7 0.0066 19 2.84E-06 26 1.35E-00
interaction
DNA replication 0 NS 8 2.09E-06 10 3.89E-08
TGF-beta signaling 3 NS 14 1.92E-08 14 6.72E-08
pathway
Apoptosis 6 0.0007 16 3.41E-10 17 1.40E-10
VEGF signaling pathway 0 NS 9 7.35E-05 12 8.71E-07
Hepatitis C 0 NS 16 1.63E-07 19 4.13E-09
Mismatch repair 0 NS 7 1.10E-06 8 1.20E-07
Nucleotide excision repair 0 NS 7 7.45E-05 12 1.72E-09
Whnt signaling pathway 0 NS 9 0.0076 15 1.24E-05
Chemokine signaling 0 NS 15 2.07E-05 16 2.50E-05
pathway
B cell receptor signaling 5 0.0022 11 1.96E-06 10 3.51E-05
pathway
Base excision repair 2 NS 8 3.42E-06 7 7.77E-05
Jak-STAT signaling 6 0.0035 14 1.13E-05 14 4.64E-05
pathway
Insulin signaling pathway 4 NS 17 2.63E-08 17 1.20E-07
R_IG—I:Ilke receptor 0 . ) NS 6 001
signaling pathway
Toll-like receptor signaling 0 NS ; 0.008 0 0.0013
pathway
Homologous recombination 0 NS 5 0.0006 5 0.0009

Enrichment significance of KEGG gene categories was calculated by hypergeometric distribution. KEGG
categories were assign as significant when associated with at least 5 genes, p<0.05. NS, no significance; MAPK
— mitogen activated protein kinase; TGF — transforming growth factor; VEGF — vascular endothelium growth
factor; Wnt — wingless-type MMTYV integration site family; Jak — janus kinase; STAT — signal transducer and
activator of transcription.
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3.1.4 Heat map analysis

Radiation-induced changes in the expression of individual genes from P53,
cell cycle, apoptosis and immune response related KEGG pathway categories,
which were the most significantly altered following SD and FD irradiation
regimens in LLC1 cells, were color coded to demonstrate the expression patterns
of genes within each category following exposure to both SD and FD protocols
(Fig. 3.2). In general, the heat maps showed that the differential expression of
genes peaked in cells exposed to SD10 or FD irradiation. In addition, the extent
of some differentially expressed genes was different in cells irradiated with FD
compared to SD.

The microarray data indicated that a total of 27 genes involved in the P53
signaling pathway were significantly altered in LLC1 cells exposed to both
irradiation regimens (Fig. 3.2A). Exposure to radiation also induced the
expression of a total of 34 genes involved in cell cycle regulation (Fig. 3.2B). The
majority of the differentially expressed genes were down-regulated, whereas the
expression of only 9 genes was up-regulated. Heat map analysis also
demonstrated that 19 apoptosis related genes were differentially expressed in cells
following irradiation (Fig. 3.2C). The expression of a total of 14 genes was up-
regulated including pro-apoptotic Fas, Bad, Bid, Casp7, Trp53, Tradd, Thfrsf10b
and anti-apoptotic Bcl2l1 and Cfalr genes. In addition, the expression of 5
apoptosis related genes was down-regulated in cells after exposure to irradiation.
The down-regulation of genes involved in inhibition of apoptosis including Bcl2
and Xiap peaked in cells following SD10. Fig. 3.2D depicts a total of 77 genes
related to immune response regulation that were differentially expressed in LLC1
cells following irradiation treatment. The present subset of the heat map shows
that the expression of 51 genes was up-regulated and 26 genes were down-
regulated. The expression of chemokines Ccl7 and Ccl9 also peaked in response
to 10 Gy, whereas FD also induced the expression of Cxcl5. Both irradiation

regimens also induced the expression of tumor necrosis factor related cytokines
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Tnfrsf10b and Tnfrsf19 which peaked following irradiation of 10 Gy, whereas FD
also significantly altered the expression of Tnfrsf9, Tnfrsf18 and Tnfrsf25.
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Figure 3.2 Heat maps show differentially expressed genes from (A) P53 signaling
pathway; (B) Cell cycle regulation; (C) Apoptosis and (D) Immune response categories
in LLC1 cells following SD (2 Gy or 10 Gy) or FD (5x2 Gy) irradiation.
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The expression of cytokines including Figf, Vegfa, Pdgfc, Ctfl, 1111 was
significantly altered in LLC1 cells in response to FD. Both regimens induced the
expression of transcription factors Nfatcl and Statl which peaked after SD10. In

addition, FD also significantly induced the expression of Stat5a.

3.1.5 Global miRNA expression changes

Global miRNA expression analysis was performed as described in
Methods section 2.2.11. The miRNA microarray data revealed that a total of 18
miRNAs were differentially expressed (> 2 fold, P < 0.05) in the LLC1 cells 4 h
following all irradiation protocols compared to expression levels in untreated
cells (Supplementary table 5). The expression of 2 miRNAs including miR-34c-
5p and miR-145a-3p was significantly altered between all irradiation protocols,
whereas miR-34c-3p and miR-34b-3p were both up-regulated in LLC1 cells
following exposure to SD10 and FD. Data in supplementary table 5 also revealed
that the highest number of miRNAs was differently altered in LLC1 cells after
exposure to FD resulting in deregulated expression of 7 unique miRNAs. The
expression of miR-186-5p, miR-145a-5p, miR-129-5p, miR-192-5p, miR-129-2-
3p, miR-30c-5p was up-regulated and miR-105 was down-regulated in LLC1

cells following the FD regimen.

3.1.6 miRNA target filter analysis

In order to determine functions of the 15 miRNAs significantly altered
after exposure to SD and FD radiation in the post transcriptional regulation of
gene expression, we identified 6343 individual target genes potentially regulated
by these miRNAs using in silico miRNA target filter analysis as described in
Methods section 2.2.13. Next, we identified negative correlations between all
differently expressed genes and miRNAs related to cell cycle regulation, the P53
signaling pathway, apoptosis and immune response subsets to indicate any

potential MIRNA-mRNA connections in these processes.
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Table 3.2. Target filter analysis of differentially expressed target genes and miRNAs
from cell cycle, P53, apoptosis and immune response categories showing inverse

correlation in LLC1 cells exposed to irradiation of SD (10 Gy) or FD (5x2 Gy).

10 Gy 5x2 Gy
Category mMiRNA Target gene mMiRNA Target gene
. Ccne2|; Stagl|;
miR-30c-5p1 Orcd|: Skp2|
. E2f3]; E2f5; miR-34c-5pt Ccne2|; E213]
Cell cycle MIR-34¢-5pT conea) miR-129-5p1 Stagl]; Orc4]
miR-145a-5p1 Orcd|
miR-186-5p1 Cdc27/; Stagl|
miR-30c-5p7 Ccne2|
P53 signaling o e miR-34¢-5p1 Cene2|
pathway MIR-34¢-5p1 Cene2] miR-129-5pt Pten|
miR-145a-3p| Pmaip17; Sesn21
Apoptosis miR-30c-5p1 Ppp3ch|
o aan . Lepr|; Kras|;
miR-34b-3p1 Spredl| miR-30c-5p1 Ppp3cb)
miR-34c-3pt Spredl1] miR-34c-3p7 Gng5|
miR-34c-5p71 Pdk1| miR-34c-5p7 Pdk1|
Immune miR-136-5p| Eda2rt miR-129-5pt ll6ra|; Rockl|
response miR-145a-3p| Cr27; Inpp5dt miR-186-5p1 Vegfal; Pias2|
miR-466a-5p| ﬁ]dhakfg;; Egfry; miR-192-5p1 Crk; Pias2|
miR-710] Stat11; Pik3r31 miR-105] Tgfbr21; Statlt
MiR-145a-3p| Tgfbr2; Crf,

Inpp5d1; Ticaml1?

The miRNAs showing inverse correlation with differently expressed target
genes involved in selected pathways are shown in the Table 3.2. A negative
correlation was identified between differential expression of 6 miRNAs and 10
MRNAs in cell cycle, the P53 signaling pathway and apoptosis functional
categories. The miRNA target analysis also revealed that 20 differentially
expressed genes from the immune response category inversely correlated with the

differential expression of 12 miRNAs.

3.1.7 Microarray data validation

To validate the microarray data, we selected 4 up-regulated genes and
miRNAs for gRT-PCR analysis as described in Methods section 2.2.12. Our
results indicated that the expression of genes involved in the P53 signaling
pathway including the BTG family member Btg2, cyclin Ccngl, cyclin-dependent

kinase inhibitor P21 was significantly up-regulated in LLC1 cells following
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irradiation treatment compared to expression levels in untreated cells (Fig. 3.3A).
In addition, treatment with FD induced the up-regulation of trombospondin Thbs2
(Fig. 3.3A). gPCR analysis also revealed that miR-34b-3p and miR-34c-5p were
significantly up-regulated in LLC1 cells after exposure of both SD of 10 Gy and
FD, whereas miR-186-5p and miR-145a-5p were significantly up-regulated
following FD treatment compared to the expression levels of those miRNAS in
untreated cells (Fig. 3.3B). gRT-PCR analysis confirmed gene and miRNA
microarray data (Supplementary table 6).

Furthermore, we also compared the expression changes of selected genes
and miRNAs in LLC1 cells grown in vitro and LLC1 tumors in vivo irradiated
with SD10 and FD (Fig 3.3A and B). The gRT-PCR analysis revealed that the
expression of Btg2, Ccngl and P21 was up-regulated in tumors after the treatment

of 10 Gy, likewise observed in LLC1 cells. Thbs2 was also up-regulated in vivo
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Figure 3.3 Validation of Microarray gene and miRNA expression data by qPCR.
Graph showing relative expression of selected A) genes (Btg2, Ccngl, P21 and Thbs2)
and B) miRNAs (miR-34b-3p, miR-34c-5p, miR186-5p and miR-145a-5p) in LLC1 cells
and in mouse LLC1 tumors following exposure to SD of 10 Gy or FD of 5x2 Gy
compared to the expression levels in untreated cells. Results show mean £SD (n=3; t-test;
*P<0.05; **P<0.01; ***P<0,001).
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following irradiation of 10 Gy, whereas the expression of Thbs2 was significantly
altered in vitro only following FD. Surprisingly, the expression of all selected
genes was not significantly altered in LLC tumors following the FD irradiation
regimen in contrast to expression data in LLC1 cells. Moreover, the gRT-PCR
analysis also indicated no significant changes in the expression of all selected

miRNAs in LLC1 tumors following both irradiation regimens (Fig. 3.3B).

In summary, our results revealed that the gene and miRNA signatures of
LLC1 cells exposed to irradiation were dose delivery type dependent. The gene
pathway enrichment analysis indicated that the extent of differential expression of
genes involved in the P53, cell cycle, apoptosis and immune response categories
was the most robust after exposure to FD. Furthermore, the miRNA target
analysis demonstrated a significant correlation between differential expression of
genes and miRNAs. Therefore, despite the indication that the LLC1 tumor
response to fractionated irradiation could be extensively influenced by tumor
microenvironment, the present study suggests key pathways involved in radiation
induced response of murine cancer cells exposed to irradiation. Data presented in
this study can be further applied to improve the outcome and the development of

radiotherapy in preclinical animal model settings.
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3.2  Transcriptomic signatures of murine and human cells grown in
extracellular matrix enriched microenvironment

The extracellular matrix (ECM), as one of the key components of tumor
microenvironment, has a significant impact on cancer development and highly
influences tumor cell features and therefore the response to treatment (Hanahan
and Weinberg). ECM contributes not only structural support of growing tumor
cells, but also affects other cellular functions such as cell differentiation,
migration, survival or proliferation (Weaver et al. 1997, Hehlgans et al. 2007,
Yamada and Cukierman 2007). Moreover, gene and protein expression levels are
regulated in a cell-ECM interaction dependent manner (Zschenker et al. 2012,
Luca et al. 2013). Not surprisingly, clinical trials based on preclinical two-
dimensional (2D) monolayer cell culture models which lack representation of
ECM dependent molecular processes occurring in tumors currently have a failure
rate of up to 95%. Cancer cell growth under three-dimensional (3D) culture
conditions simulating ECM microenvironment better resembles tumor cell
properties in vivo (Fournier and Martin 2006). Thus, investigations using such 3D
cell culture models are expected to result in more successful clinical trials.

A vast amount of evidence indicates the superiority of 3D cell cultures
over 2D models for the investigation of cancer tumor microenvironment
dependent cancer cell properties (Abbott 2003, Friedrich et al. 2007). Obvious
advantages of 3D cell culture models are the cellular-ECM interactions and cell-
cell contacts, the formation of active proliferation, quiescent viable cell and
necrotic cell zones, as well as the formation of nutritional, oxygen and drug
gradients better reflecting cellular organization and the microenvironment in
tumor tissue (Lin and Chang 2008). Nevertheless, the 3D cell cultures do not
resemble the full complexity of tumor tissue environment in vivo. Few obvious
limitations of 3D cell cultures as a cancer research model are the lack of
vasculature, host immune response and other cell-cell interactions that occur
between cancer and stromal cells in tumors (Mehta et al. 2012). Recognized

advantages and limitations of 3D cell culture models suggest that the most
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successful directions of 3D model application include the development of new
anticancer treatment strategies. Hence, detailed analysis at the molecular level of
2D/3D cell cultures and tumors in vivo are still needed to unlock the power of 3D
cell culture models in translational research.

In order to elucidate which biological pathways are altered in an ECM
dependent manner, we have analyzed genome-wide mRNA and miRNA
expression changes in murine Lewis lung cancer LLC1 cells following of 48 h of
cellular growth under laminin rich ECM (Ir-ECM) 3D cell culture conditions
compared to cells grown in 2D as described in Methods section 2.2.3. In addition,
we have applied the same experimental design to evaluate genome-wide mRNA

expression changes in human colorectal carcinoma DLD1 and HT29 cells.

3.2.1 Cell morphology

To elucidate structural changes in cellular morphology we examined
mouse Lewis lung carcinoma LLC1, human colon carcinoma DLD1 and HT29
cells grown under 2D or Ir-ECM 3D cell culture conditions as described in
Methods section 2.2.6. Cells lost their flat elongated morphology and gained 3-
dimensional characteristic mass view following 48 hours of cell growth in 3D
conditions (Fig. 3.4A). Furthermore, in order to visualize cell actin cytoskeleton
changes, we also performed confocal microscopy of cells stained with phalloidin
(Fig. 3.4B). Images showed that cells had undergone a significant actin
cytoskeleton rearrangement and actin stress fibers were lost under 3D culture

conditions.
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Figure 3.4 Cell morphology of human colon carcinoma DLD1 and HT29 cells and
mouse Lewis lung carcinoma LLC1 cells grown under 2D or laminin-rich
extracellular matrix (Ir-ECM) 3D cell culture conditions. Prior to imaging, cells
were cultivated in 2D (upper panel) and 3D (lower panel) conditions for 48 hours. A)
Representative phase-contrast images of cell growth in 2D and 3D cell culture. B)
Representative confocal laser scanning microscopy images of cell growth in 2D and 3D
cell culture. F-Actin was stained with AlexaFluor 633 Phaloidin (red). Nuclei were
counterstained with 4’6-diamino-2-phenylindole (DAPI) (blue).
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3.2.2 mRNA expression profile of LLC1 cells grown in Ir-ECM 3D

Microarray data revealed that the expression of 1884 genes was
significantly altered (>1.5 fold change, p<0.05) in LLC1 cells following 48 h cell
growth under Ir-ECM 3D conditions compared to expression levels in cells grown
in 2D (Table 3.3). Differences in cell culture conditions resulted in a greater

number of down-regulated than up-regulated genes (1052 and 832, respectively).

Table 3.3. Number of differentially expressed genes and miRNAs in LLC1 cells after
48 h growth under 2D and Ir-ECM 3D conditions.

All Up-regulated Down-regulated
Genes 1884 832 1052
MiRNAs 77 41 36

Gene and miRNA expression values are above 1.5 and 2 fold change, respectively, p<0.05.

3.2.3 Pathway enrichment analysis

In order to evaluate which biological pathways were affected in LLC1
cells between 2D and 3D cell growth conditions, we performed KEGG pathway
enrichment analysis of all 1884 differentially expressed genes. KEGG pathway
enrichment analysis revealed that a total of 74 KEGG pathway categories were
enriched where each of these categories was represented by at least five or more
genes in the functional category with p<0.05. A greater number of genes were
down-regulated in all categories. Next, we grouped similar KEGG pathway
categories into three subsets of major functional groups, which could be related to
tumor development and progression: 1) MAP kinase; 2) Cell adhesion and 3)
Immune response related pathways (Table 3.4). The MAP kinase signaling
pathway was the second most significantly altered KEGG category (p=6.23e-08)
and resulted in 25 genes (11 up-regulated and 14 down-regulated) differently
expressed in LLC1 cells cultured under Ir-ECM 3D and 2D culture conditions.
Differences in cell culture conditions also altered the expression of 48 unique (22

up-regulated and 26 down-regulated) genes related to
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Table 3.4. KEGG pathway enrichment analysis of genes differentially expressed in
LLCL1 cells between Ir-ECM 3D and 2D cell culture conditions.

All Up-regulated Down-regulated

Category groups

Genes  pvalue Genes  pvalue Genes  pvalue
MAP Kinase
MAPK signaling 25 6.23-08 11 00010 14 0.0002
pathway
Cell adhesion
Regulation of actin 20 13506 6 00404 14 3.76e-05
cytoskeleton
Focal adhesion 17 3.33e-05 7 0.0148 10 0.0018
Cell adhesion
molecules (CAMs) 10 0.0062 5 0.0368 5 NS
Gap junction 7 0.0103 2 NS 5 0.0174
Tight junction 9 0.0103 5 NS 4 NS
ECM-receptor 6 0.0237 4 0.0257 2 NS
interaction
Immune response
Cytokine-cytokine 18 0.0001 6 NS 12 0.0011
receptor interaction
T cell receptor 11 0.0003 3 NS 8 0.0011
signaling pathway
VEGF signaling 9 0.0004 5 00062 4 NS
pathway
Cytosolic DNA-sensing 7 0.0013 4 0.0111 3 NS
pathway ' '
B cell receptor
signaling pathway 7 0.0058 3 NS 4 NS
RIG-I-like receptor 6 0.0121 5 0.0045 1 NS
signaling pathway ' '
Natural killer cell
mediated cytotoxicity 8 0.0153 3 NS 5 0.0435
Jak-STAT signaling 9 0.0159 3 NS 6 0.0336
pathway ' '
Fc epsilon RI signaling 6 0.0186 5 NS 4 NS
pathway '
Chemokine signaling 9 0.0362 3 NS 6 NS
pathway '
Toll-like receptor 5 0.0401 4 NS 2 NS

signaling pathway
Functional groups of all genes, differentially expressed in LLC cells under 3D cell culture conditions, were assign as significant

when enriched in at least 5 genes, p<0.05

cell adhesion. These genes were significantly associated with cell adhesion

molecules, gap and tight junctions, ECM-receptor interaction functional
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categories, with “Regulation of actin cytoskeleton” (p=1.35¢-06) and “Focal
adhesion” (p=3.33e-05) categories being the most significantly altered in the “cell
adhesion” subset. Furthermore, we indicated that the differences in cell culture
conditions also altered the expression of 44 (16 up-regulated and 28 down-
regulated) genes involved in immune response signaling pathways including
cytokine-cytokine receptor, chemokine, T and B cell receptor and Jak-STAT
signaling categories (Table 3.4). Differently expressed genes associated to MAP
kinase, cell adhesion and immune response pathway categories are listed in

supplementary table 7.

3.2.4 miRNA expression pattern in LLC1 cells grown Ir-ECM 3D

MiRNA expression analysis demonstrated that the expression of 77
miRNAs was significantly altered (>2 fold change, p<0.05) in LLC1 cells
following 48 h of cell growth under Ir-ECM 3D culture conditions compared to
mMIRNA expression levels in cells cultured on plastic (Table 3.3). The expression
of 41 miRNAs was up-regulated and 36 down-regulated miRNAs in LLC1 cells
cultivated in 3D. Next, to obtain a better overview of miRNA expression
signature, we further checked which members of miRNA cluster were co-
expressed (Supplementary table 8). We found that 16 up-regulated miRNAs were
associated to 3 clusters, located in chromosome 2 (miR-466~467~669 cluster), 9
(miR-34 cluster) and 12 (miR-376 cluster) while members (10 miRNAs) of 3

MiRNA clusters located in chromosomes 2, 12 and X were down-regulated.

3.2.5 RNA-miRNA regulatory network analysis

To better understand the biological processes which could be regulated by the 77
MiRNAs deregulated in LLC1 cells between 2D and 3D cell culture conditions,
we identified 8629 unique target genes potentially regulated by these miRNA
using in silico miRNA target analysis. Next, miRNA pathway enrichment
analysis indicated 69 KEGG categories significantly enriched in targeted genes

revealing that pathways related to MAPK, cell adhesion and immune response
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Table 3.5. Target genes and miRNAs from MAP Kinase, Cell Adhesion and Immune
Response category groups showing inverse correlation in LLC1 cells after 48 h growth

between Ir-ECM 3D and 2D cell culture conditions.

Differentially expressed

Differentially expressed

Category MIRNAS
Ikbkg 1 miR-137-3pl,
Traf6 miR-590-3p{,
MAP kinase Kras{ miR-7611
Mknk1d miR-195-5p 4
Pak2d miR-297a-3p4
Sos2\, miR-34b-3p4, miR-34c-3p1,
miR-466f-3p4*, miR-500-3p
Arhgef4q miR-135a-5p,, miR-448-3p,
miR-200b-3pd,, miR-20b-3p{,
Collals miR-135a-5p{,, miR-137{,, miR-
590,
Itprifp miR-544-3p,
Pard34 miR-495-3p{
Slc9alp miR-9-5p{,
Vegfa P miR-lal,
Cell adhesion Tmsb4x, miR-4484
Flnad miR-328-3p miR-7614
Ghasd, miR-877-3p
Htr2c miR-466d-3p1
Pak2 |, miR-297a-3p1
Pak3l, miR-297a-3p1
Rhoal, miR-466f-3p
Sshld miR-467b
Pard3q miR-495-3p,
Eif2akll miR-500-3p1
miR-297a-3p4, miR-466b-3p4,
Immune Oas3d m:E-jggg'ﬁf)r:erTlE?fg;i?m
resopnse miR-467e-3p 4
Ppp2ribd miR-195-5p4, miR-672-5p1
Ppp2r2bd, miR-466g1
Xerld miR-669b

Up-regulated genes and miRNAs are shown in bold

were also among the most significantly altered functional categories.

Finally, we investigated correlations between differently expressed genes

and miRNAs related MAP kinase, Cell adhesion and Immune response subsets



which were the most significantly altered in an ECM dependent manner to
indicate any potential mMiIRNA-mRNA connections in these processes (Table 3.5).
In the MAP kinase pathway, a negative correlation was observed between
differential expression of 11 miRNAs and 7 mRNAs. In addition, 14 mRNA
targets associated with cell adhesion pathways reversely correlated with 18
mMiRNAs. Target analysis also revealed that 6 differentially expressed genes from

the immune response category reversely correlated with 13 miRNAs.

3.2.6 Gene expression pattern in DLD1 and HT29 cells grown in Ir-
ECM 3D

In order to evaluate the impact of the cellular microenvironment on gene-
expression levels in human DLD1 and HT29 CRC cells, we compared genome-
wide expression levels in these cells following 48 hours of growth in 2D and Ir-
ECM 3D cell culture conditions. Microarray data revealed that the expression of
841 and 1190 genes was significantly altered (>1.5 fold-change, p<0.05) in an
ECM-dependent manner in DLD1 and HT29 cells, respectively (Fig. 3.5). Most
of these genes (637 in DLD1 cells and 804 in HT29 cells) were down-regulated.
The Venn diagrams also revealed that the expression of 383 genes was
significantly altered in both DLD1 and HT29 cells grown under 3D versus 2D
conditions. However, in both cell lines, only 37 common genes were found to be

up-regulated in contrast to 346 commonly down-regulated genes.

All Up-regulated  Down-regulated

DLD1

R EPRED

Figure 3.5. Venn diagrams showing the number of deregulated, up-regulated and down-
regulated differentially expressed genes (fold change of at least 1.5 and P<0.05) in HT29
and DLD1 cells following 48 h growth under laminin-rich extracellular matrix (Ir-ECM)
3D and 2D cell culture conditions.

HT29
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3.2.7 Pathway enrichment analysis

KEGG pathway enrichment results revealed 45 and 35 significantly altered
functional categories in DLD1 and HT29 cells, grown under 3D versus 2D culture
conditions, respectively. Table 3.6 presents 13 common functional categories
significantly altered in both CRC cell lines. The “Metabolic pathways” category
involved the highest number of differentially expressed genes (44 and 48 genes in
DLD1 and HT29 cells) between 2D and Ir-ECM 3D. Nevertheless, KEGG
pathway enrichment analysis revealed that the most significantly altered
functional categories were related to cell-cell and cell-ECM interactions. The
focal adhesion category was most significantly altered in CRC cells (DLD1:
p<7.47x10%; HT29: p<1.59x107°) and resulted in significantly altered expression
of 17 genes in DLD1 cells and 19 in HT29 cells. The present findings also
indicated that functional categories adhesion junction, tight junction, ECM-
receptor interaction and regulation of actin cytoskeleton were also prominently
altered in an ECM-dependent manner. The majority of genes in these categories
were down-regulated in CRC cells grown in Ir-ECM 3D cell culture compared to
2D conditions. In addition, mitogen-activated protein kinase (MAPK) signaling
pathway (DLD1: p<0.0056; HT29: p<9.9x107) was among next the most
significantly altered KEGG categories and comprised 13 differentially regulated
genes in DLD1 cells and 25 in HT29 cells. Inflammatory response-related
categories significantly altered in both CRC cell lines were “chemokine signaling
pathway” and “cytokine—cytokine receptor interaction”. Our results also indicated
that P53 and WNT signaling pathways were commonly altered in both cell lines.
KEGG pathway classification also revealed that the number of differentially
expressed genes in all categories and the significance and the extent of enrichment
were similar in both cell lines. These findings indicate biologically related gene-
expression changes during cellular adaptation to Ir-ECM 3D cell culture

conditions which could implicate cellular response to treatment and survival.
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Table 3.6. KEGG pathway enrichment analysis of genes differentially expressed in
HT29 and DLD1 cells between Ir-ECM 3D and 2D cell culture conditions.

Functional category DLD1 HT29

Genes, n P-value Genes, n P-value
Focal adhesion 17 7.47e-06 19 1.59e-05
MAPK signaling pathway 13 0.0056 25 9.90e-07
Pathways in cancer 17 0.0005 25 1.59¢-05
Metabolic pathways 44 1.95e-05 48 0.0012
Adherens junction 9 0.0001 10 0.0002
P53 signaling pathway 8 0.0003 7 0.0092
Tight junction 11 0.0003 10 0.0092
ECM-receptor interaction 9 0.0003 7 0.0207
Regulation of actin cytoskeleton 14 0.0003 18 0.0001
Endocytosis 13 0.0005 17 0.0002
Chemokine signaling pathway 11 0.0034 11 0.0247
.Cytokin.e—cytokine receptor 1 0.0115 1 0.0207
interaction
WNT signaling pathway 7 0.0387 9 0.039%4

3.2.8 Heat map analysis

ECM-induced expression changes of individual genes associated with the
most significantly altered KEGG pathway categories, including cell adhesion,
MAPK and inflammatory response subsets, were depicted to demonstrate
expression patterns within each category subset (Figure 3.6). Figure 3.6A shows
a heat map of a total of 59 genes from the cell adhesion subset, which includes
genes involved in focal adhesion, adhesion junction, tight junction, ECM—
receptor interaction and regulation of actin cytoskeleton functional categories.
Although the expression of some individual genes did not pass the expression
threshold (fold change>1.5 and p<0.05), the majority of genes from the cell
adhesion subset were down-regulated in DLD1 and HT29 cells grown in Ir-ECM
3D compared with 2D cell culture conditions. Some of the down-regulated genes
associated with cell-cell and cell-matrix junctions included integrins ITGA3,
ITGA5, ITGB4, ITGB5 and ITGB7; filamins FLNA and FLNB; laminins
LAMAS,
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Figure 3.6. Heat map analysis of selected KEGG categories. Heat maps representing
the expression profile for cell adhesion (A), MAPK signaling (B), immune response (C)
genes following 48 hours of DLD1 and HT29 cell growth under 3D cell culture
conditions compared to 2D. Red and blue indicate an increase and decrease of gene
expression, respectively.

LAMB2 and LAMBS3; and other structural genes including vinculin, actin B and
actinin 1, indicating changes in expression of genes closely related to the linkage
between focal adhesion and the cytoskeleton during cellular adaptation to Ir-ECM
3D cell culture conditions. Additionally, the heat map data also revealed up-

regulation of integrin ITGB8 in HT29 cells in an ECM-dependent manner.
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Figure 3.6B depicts differentially expressed genes involved in the MAPK
signaling pathway. In the MAPK category, the expression of 32 genes was altered
in CRC cells grown under Ir-ECM 3D cell culture conditions compared to those
under 2D. Differentially expressed genes included fibroblast growth factors
FGF9, FGF19 and FGF20, fibroblast growth factor receptor FGFR3; MAP kinase
kinases MAP3K1, MAP3K5, MAP3K8, MAP3K14 and MAP2K3, dual
specificity phosphatases DUSP1, DUSP5, DUSP6 and DUSP8; and other kinases
TAO kinase 2 (TAOK2) and serine/threonine kinase 4 (STK4). In addition,
transcription factor AP1 subunits JUN, FOS and serum response factor (SRF)
were significantly down-regulated in HT29 cells in an ECM-dependent manner.

Figure 3.6C shows a heat map from the immune response subset which
includes 28 differentially expressed genes involved in chemokine and cytokine-
cytokine receptor signaling pathways. A total of 17 inflammatory genes were
significantly down-regulated in one or both CRC cells and included chemokines
CCL15, CCL16 and CCL26; tumor necrosis factor-related TNFSF15,
TNFRSF12a, TNFRSF14 and TNFRSF21; interleukin receptor IL15RA. C-X-C
motif chemokine 5 (CXCL5), and chemokine receptor CXCR4 and interleukin
receptor IL13RA1 were significantly up-regulated in DLD1 and HT29 cells
grown in Ir-ECM 3D. In addition, the heat map revealed an opposite expression
pattern of five differentially expressed genes including chemokines CCL20,
CXCL1, CXCL2, CXCL3 and interleukin IL8 was opposite between CRC cells.
These genes were upregulated in DLD1 cells and downregulated in HT29 cells

when CRC cells were grown under Ir-ECM 3D cell culture conditions.

3.2.9 Microarray data validation

To validate differential expression of genes and miRNAs identified by
microarrays, we selected 4 up-regulated genes and miRNAs for gRT-PCR
analysis (Fig 3.7A and B; black columns). The expression of selected Hnf4a
(Hepatocyte nuclear factor 4a), Infbl (Interferon beta-1), KIf8 (Kruppel-like
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Figure 3.7. Validation of microarray data by RT-qPCR. Graph showing the fold change
of A) genes (hnfda, infbl, kIf8 and fgfr4) B) miRNAs (miR-207, miR-376c-3p, miR-
466f-3p and miR-195a-5p) in LLC1 cells grown under Ir-ECM 3D cell culture conditions
or in mouse LLC1 tumors compared to expression levels in cells cultivated in 2D. C) The
fold change in levels of selected genes including MYB, ID1 and ID3 in DLD1; and D)
the fold change in levels of selected genes including MYB, CDKN1C and ID2 genes in
HT29 cells after 48 hours of cultivation under Ir-ECM 3D and 2D cell culture conditions
are shown. qPCR data analysis was based on 244¢, For LLC1, Gpdh or snoRNA-135
were used as housekeeping genes for gene or miRNA gPCR data normalization,
respectively. For CRC, HPRT1 was used as housekeeping gene for qPCR data
normalization. Results show the mean £SD (n=3).

factor 8) and Fgfr4 (Fibroblast growth factor receptor 4) genes was significantly
up-regulated in LLCL1 cells grown under Ir-ECM 3D culture conditions compared
to expression levels in cells cultured on plastic. All selected miRNAs, miR-207,
miR-376c, miR-466f and miR-195a, also showed significant up-regulation by
gPCR. Hence, gRT-PCR data confirmed gene and miRNA microarray data.
Additionally, we also compared the expression of selected genes and
miRNAs between 2D monolayer and LLC1 tumors (Fig 3.7A and B; grey
columns). qRT-PCR analysis clearly showed that all selected genes and miRNAs
likewise observed in 3D cell culture conditions were also significantly up-

regulated in vivo.
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In the present study, we observed that the genes most significantly up-
regulated in an ECM-dependent manner were involved in cellular differentiation
maintenance. Thus, for microarray data validation, we performed expression
analysis of inhibitor of DNA binding ID1, ID2 and 1D3; cyclin-dependent kinase
inhibitor CDKN1C; and transcriptional activator MYB genes in CRC cells grown
under 2D and Ir-ECM 3D cell culture by real-time RT-PCR. The RT-PCR data
confirmed the microarray data (Figure 3.7C and D). The expression of most
selected genes was up-regulated more than two-fold by RT-PCR.

In summary, the present pathway enrichment results indicated the MAP
kinase, cell adhesion and immune response as the most significantly altered
functional categories in LLC1, DLD1 and HT29 cells during the switch from 2D
to 3D. Global miRNA expression analysis confirmed the involvement of miRNA
in the regulation of ECM dependent properties of cancer cells. Comparison of the
expression levels of selected genes and miRNA between LLC1 cells grown 3D
cell culture and LLC1 tumors implanted in mice indicated correspondence
between both model systems. Therefore, the present results indicate the existence
of universal regulation for the MAPK, cell adhesion and immune response
pathways both in 3D culture and tumor suggesting the most promising directions

for translational cancer research using the 3D cell culture models.
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3.3 MICROENVIRONMENT AND DOSE DELIVERY
DEPENDENT RESPONSE TO IONIZING RADIATION IN HUMAN
COLORECTAL CANCER CELL LINES

Our previous observations described in 3.1 as well as studies performed by
other researchers suggest that the tumor cell response to irradiation also depends
on their microenvironment (Vaupel 2004). Therefore, model systems that better
resemble the three-dimensional (3D) organization of tumor tissue have to be
considered in current radiobiology. Consequently, 3D cell culture models were
introduced to mimic invivo cell microenvironment more accurately than the
standard two-dimensional cell monolayer (2D) cultures (Abbott 2003, Yamada
and Cukierman 2007). Growing evidence suggest that 2D and 3D cultured cell
gene expression pattern discrepancies following irradiation is highly dependent
on cell-extracellular matrix (ECM) interactions (Zschenker et al. 2012), therefore
different ECM-based models might be the most promising in radiobiology
research. In addition, it has been shown that laminin rich extracellular matrix (Ir-
ECM) used in 3D cultures not only alters cancer cell phenotype and response to
external stimuli but also affects cell differentiation, migration and survival (Luca
et al. 2013). Hence, a change in these fundamental cell properties also demands
us to reconsider data previously collected using 2D in vitro models (Benton et al.
2014).

To explore cellular response to IR in ECM enriched microenvironment, in
the present study we investigated genome-wide transcriptome changes of human
colorectal cancer DLD1 and HT29 cell lines (both bearing distinct P53 mutations)
grown in 3D culture following SD of 2 Gy and 10 Gy or FD 5x2 Gy irradiation.
All experiments were performed according experimental design described in
Methods section 2.2.4,

3.3.1 Clonogenic cell survival

DLD1 and HT29 cells cultured under Ir-ECM 3D cell culture conditions

showed a significantly higher survival rates after single dose (SD) irradiation than
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2D cultured cells (Figure 3.8A). The surviving fractions after SD irradiation for
3D and 2D cultured DLD1 cells at 2 - 10 Gy were 0.78 + 0.05 - 0.068 + 0.023 and
0.52 £ 0.09 - 0.0036 + 0.0019, respectively. 3D and 2D cultured HT29 cell
surviving fractions at SD were 0.85 £ 0.03 - 0.17 £ 0.04, 0.62 + 0.04 - 0.0011 £
0.0005, respectively.

Clonogenic survival following fractionated dose (FD) irradiation was also
significantly higher in DLD1 and HT29 cells grown under Ir-ECM 3D than in 2D
conditions (Figure 3.8B). Survival fractions after 5x2 Gy FD irradiation
decreased to 0.29 £ 0.03 and 0.055 + 0.007 for 3D and 2D DLD1 cultured cells,
respectively. 3D and 2D cultured HT29 cell surviving fractions at 5x2 Gy were

DLD1 HT29
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Figure 3.8. Clonogenic survival analysis of colorectal cancer DLD1 and HT29 cells
grown under two-dimensional (2D) or three-dimensional (3D) cell culture conditions.
Cells were irradiated with a single dose of 2-10 Gy (A) or a fractionated dose of 2 Gy
daily up to 5 days (B). Data are £SD (n=3; t-test; *P<0.05; **P<0.01; ***P<0.001,
****p<(0.0001).
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0.56 £ 0.04 and 0.20 £ 0.05, respectively. Differences in radiosensitivity between

cell lines were most obvious at 3D cell culture conditions.

3.3.2 Genome-wide gene expression

Microarray data analysis revealed that overall 1573 and 935 unique genes
in DLD1 and HT29 cells, respectively, were differentially expressed (fold change
greater than 1.5; P < 0.05) 4 hours following SD of 2 Gy and 10 Gy or FD of 5x2
Gy irradiation compared to non-irradiated cells (Fig. 3.9). A significantly higher
number of genes were downregulated following each one of irradiation schedules
in both cell lines. Of all unigue genes, 980 and 620 genes were downregulated in
DLD-1 and HT29 cells, respectively. Irradiation of 2 Gy SD altered a similar
number of genes in both cell lines (Table 3.7). The expression of 468 and 382
genes was altered following 2 Gy in DLD1 and HT29 cells, respectively.
Exposure to 10 Gy SD resulted in the highest number of genes that were
differentially expressed: 953 and 579 genes in DLD1 and HT29 cells,
respectively. Treatment with FD protocol resulted in a higher number of
differentially expressed genes in DLD1 than in HT29 cells, 778 and 352 genes,
respectively. Venn diagrams (Fig. 3.9) also indicated that in both cell lines

significantly more common genes amongst all radiation doses were downregulated

Table 3.7. Number of differentially expressed genes after SD or FD irradiation in DLD1
and HT29 cells grown under 3D cell culture conditions compared to untreated cells.

) Differentially
Cell line Dose Up-regulated Down-regulated
expressed genes

2 Gy 468 114 354
DLD1 10 Gy 953 275 678
5x2 Gy 778 302 476
2 Gy 382 104 278
HT29 10 Gy 579 136 443
5x2 Gy 352 111 241

Relative gene expression is greater than 1.5, P<0.05.
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Figure 3.9. Venn diagrams showing the number of up-regulated (upper panel) and down-
regulated (lower panel) differently expressed genes (fold change is at least 1.5 and
P<0.05) at 4 hours following ionizing radiation exposure to single 2 Gy or 10 Gy or
fractionated 5x2 Gy dose in HT29 and DLD1 cells grown under 3D cell culture
conditions compared to untreated cells.

(166 and 110 common genes in DLD-1 and HT?29 cells) than upregulated (only 8
and 2 common genes, respectively). The highest number of unique differentially
expressed genes also predominantly occurred in CRC cells following SD of 10
Gy.

3.3.3 KEGG pathway enrichment analysis

In order to further inspect interactions between genes involved in the
response to IR, all differentially expressed genes (fold change >1.5; P<0.05;
compared to non-irradiated cells) following both SD and FD irradiation protocols
in DLD1 and HT29 cells were classified into KEGG pathway categories (Table
3.8). A complete list of categories determined by KEGG pathway enrichment
analysis is depicted as Additional files 4 and 5, respectively.

KEGG pathway analysis revealed that in DLD1 cells 5x2 Gy FD irradiation

mostly affected the expression of genes involved cell cycle regulatory (P = 2.33 X
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10-19), DNA replication (P = 1.84 x 10°°) and P53 (P = 5.37 x 10%) pathways. DNA
repair category related genes were among the second most significantly altered
pathway categories in DLD1 cells following FD. By contrast, SD irradiation
showed that immune response genes were also significantly altered, whereas no
significant changes of immune response gene expression were detected after FD
irradiation in DLD1 cells. In addition to immune response, 10 Gy SD triggered
BER (P = 7.18 x 10%), cell cycle regulation (P = 0.0006) and P53 (P = 0.0141)
signaling pathways. No noticeable tendencies of significantly altered gene
categories were observed in HT29 cells after SD irradiation. However, unlike
DLD1, HT29 cells exposed to FD irradiation expressed a clearly different pattern
In immune response gene categories.

Furthermore, all differentially expressed genes (fold change >1.5; P<0.05;
compared to non-irradiated cells) after exposure to FD in DLD1 and HT29 cells
cultured under 3D cell culture conditions irradiation were also associated into gene
ontology biological process categories. GO enrichment analysis (Table 3.8) further
indicated that FD irradiation had the highest impact on an altered expression of
genes involved in cell cycle regulation and immune response biological process

categories in DLD1 and HT29 cells, respectively.
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Table 3.8. KEGG pathway enrichment analysis of genes differentially expressed following irradiation of SD (2 Gy or 10
Gy) or FD (5x2 Gy) in DLD1 and HT29 cells grown under Ir-ECM 3D cell culture conditions compared to untreated
cells.

DLD1 HT29
Catego ry 2Gy 10 Gy 5x2 Gy 2Gy 10 Gy 5x2 Gy
Genes p value Genes  pvalue Genes p value Genes p value Genes  pvalue Genes p value

Cell cycle 0 NS 10 0.0006 17 2.33E-10 0 NS 8  0.0004 0 NS
DNA replication 1 NS 2 NS 10 1.84E-09 0 NS 2 NS 0 NS
P53 pathway 0 NS 5 0.0141 11 5.37E-08 0 NS 4 NS 1 NS
Systemic lupus 4 NS 16 2.76E-07 13 1.18E-06 4 NS 5 0.0184 3 NS
erythematosus
Pathways in cancer 8 NS 14 0.0073 16 0.0002 6 NS 9 0.0129 3 NS
Mismatch repair 0 NS 1 NS 6 5.87E-06 0 NS 1 NS 0 NS
Nucl_eotlde excision 0 NS 2 NS 6 0.0002 0 NS 1 NS 0 NS
repair
Homol

omo 0_gours. 0 NS 2 NS 5 0.0002 0 NS 0 NS 0 NS
recombination
Base_eXCIS|on 1 NS 7 5.18E-05 5 0.0003 0 NS 2 NS 0 NS
repair
Tight junction 3 NS 6 0.049 8 00017 2 NS 3 NS 1 NS
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Gap junction 6  0.0004 7 0.0036 5 00157 2 NS 1 NS 1 NS

Focal adhesion 5 0.0377 5 NS 7 0.0393 3 NS 7 0.0102 0 NS
Adherens junction 4 NS 7 0.0014 4 NS 2 NS 5 0.0034 2 NS
Endocytosis 3 NS 12 0.0014 8 00157 6 0.0072 8 0.0044 3 NS
Hepatitis C 5 NS 5 NS 4 NS 2 NS 2 NS 7 8.16E-6
RIG-I-like receptor ¢ 3 NS 0 Ns 0 NS 3 NS 5 00002
pathway
Antigen proce_ssmg 0 NS 3 NS 6  0.0018 1 NS 2 Ns 6  6.04E-5
and presentation
Cytokine-cytokine
receptor 3 NS 11 0.0175 5 NS 2 NS 3 NS 6 00078
interaction

hemokin
Chemokine 6 00124 11 0.0026 3 NS 2 NS 3 NS 4 NS
pathway
B cell receptor 6  0.0003 8 0.0006 3 NS 4 NS 6  0.0009 2 NS
pathway
T cell receptor 5 NS 6 0.0238 2 NS 3 NS 6 00034 1 NS

pathway

Enrichment significance of KEGG gene categories was calculated by hypergeometric distribution. KEGG categories were assign as significant when associated with at least 5 genes,
p<0.05. NS, no significance.
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3.3.4 Heat Map analysis

Relative changes of gene expression in DLD1 and HT29 cells from selected
KEGG pathway categories were depicted to demonstrate the expression profiles of
genes within each category following each irradiation regimen (Fig. 3.10). The
heat maps of each selected pathway category indicated that the expression of most

genes associated with cell cycle regulation (Fig.
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Figure 3.10. Heat maps representing the expression profile for cell cycle regulatory (A),
DNA damage repair (B), P53 pathway (C), immune response (D) and histone (E) genes
at 4 hours following irradiation of DLD1 and HT29 cells grown under 3D cell culture
conditions compared to untreated cells. Cells were exposed to SD 2 Gy (lane 1 and 4),
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SD 10 Gy (lane 2 and 5) and FD 5x2 Gy (lane 3 and 5) irradiation. Red and blue colors
indicate increase and decrease of gene expression, respectively.
3.10A), DNA damage (Fig. 3.10B) and P53 (Fig. 3.10C) pathways were

upregulated following exposure to both SD and FD irradiation. However the
magnitude of expression was significantly higher in DLD1 cells peaking after the
exposure to FD. Radiation induced gene expression profile in HT29 cells was
similar to DLD1, but the relative expression change of altered genes in HT29 cells
in cell cycle regulation, DNA damage and P53 pathways did not pass the cutoff
(fold change >1.5; P<0.05). Gene expression patterns in these pathways were also
very similar between DLD1 and HT29 cells following exposure to SD.

After classification, the highest number of genes fell into immune response
category (Fig. 3.10D). Heat map visually divided the cluster of inflammatory genes
into three different expression pattern subsets. In the first subset the majority of
genes were strongly upregulated only in HT29 cells following FD irradiation.
Genes depicted in the second subset of immune response genes were generally
upregulated in both cell lines following each of radiation regimens with the highest
increase in HT29 cells after FD irradiation as well. Expression of inflammatory
genes in the third subset were generally downregulated following SD and FD
treatment in both cell lines, with a higher magnitude of downregulation after
exposure to 10 Gy SD.

Downregulation of histone or histone formation related genes was shown
after IR in both DLD1 and HT29 cell lines (Fig. 3.10E). Single dose of 10 Gy

resulted in the highest magnitude of downregulation.

3.3.5 Microarray Data Validation

Selected differentially expressed genes involved in cell cycle/DNA
damage/P53 pathways (CDK1, RAD51 THBS1 and PCNA) or immune response
(IL29, IFITM1, IFIT1 and OAS2) from microarray data following FD irradiation
were analyzed by gPCR. qPCR data confirmed the relative gene expression levels

obtained by microarray data (Fig. 3.11A).
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In addition, the expression profiles of selected genes in DLD1 and HT29
cells following all irradiation schedules were also compared growing cells under
2D and 3D cell culture conditions (Fig. 3.11B). Interestingly, FD irradiation
significantly increased expression of CDK1, PCNA and RAD51 in DLD1 cells
only under 3D cell culture conditions. gPCR data also indicated that in HT29
cells expression of immune response genes following FD was altered under both
cell culture conditions. However, expression of IFITM1, IFIT1 and OAS2 was
almost 3 times higher in HT29 cells irradiated under 3D cell culture conditions. It
is worth noting that none of the single dose treatments resulted in any significant

changes neither in 2D, nor in 3D cultured cells (Supplementary table 9).
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Figure 3.11. Microarray gene expression data validation by gPCR. gPCR was
performed as described in Materials and Methods. gPCR data analysis was based on 2°
AACt ‘method and HPRT1 was used as housekeeping gene for gene expression
normalization. (A) Relative expression of selected genes identified by microarray data
analysis was validated using gPCR. (B) Comparison of relative expression of genes
selected from microarray data after FD irradiation in DLD1 and HT29 cells grown in 2D
or 3D cell culture conditions compared to untreated cells. Each data point represents
mean +SD (n=3; t-test; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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In summary, fractionated dose irradiation resulted in different genome
wide expression profile when compared to single dose treatment in colorectal
cancer DLD1 and HT29 cells grown under 3D culture conditions. Despite the fact
that a higher number of genes with altered expression were down-regulated in
both cell lines after irradiation, cell cycle/DNA damage or immune response
genes have been most significantly up-regulated following irradiation in 3D
conditions cultured DLD1 and HT29 cell lines, respectively. Furthermore, the
expression signature of selected genes following FD treatment was dependent on
cell culture conditions and resulted in higher expression in cells grown under 3D
conditions. In addition, we demonstrated higher radiotolerance in both cell lines
under 3D cell culture conditions if compared to 2D. These results indicate that
cancer cell survival after IR treatment in addition to cellular P53 status is ECM
dependent. Therefore, the data in the present study suggest that ECM based 3D
cell culture models in combination with the fractionated dose treatment of
ionizing radiation could accelerate the understanding of molecular mechanisms
associated with therapy dependent radioresistance in tumors and promote the

development of more efficient radiotherapy.
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4 DISCUSSION

4.1  Gene and miRNA expression profiles of mouse Lewis lung
carcinoma LLC1 cells following single or fractionated dose irradiation

In the first part of the study we have investigated the changes in gene and
miRNA expression signature after irradiation of single dose of 2 Gy or 10 Gy and
fractionated dose of 5x2 Gy in mouse lung carcinoma LLC1 cells and syngeneic
LLC1 tumors. The obtained data revealed that gene expression profiles of LLC1
cells were irradiation dose delivery dependent. In addition, we demonstrated by
KEGG pathway enrichment analysis that P53 signaling, cell cycle, apoptosis and
inflammatory response pathways were the most significantly altered functional
categories in LLC1 cells following irradiation. The extent of differentially
expressed genes was also irradiation dose delivery dependent. The miRNA
microarray data indicated that fractionated irradiation induced a significantly
different miRNA expression pattern compared to SD irradiation. Furthermore, the
miRNA-target filter analysis revealed a significant correlation between mRNA
and miRNA expression signatures in LLC1 cells after exposure to irradiation.
Nevertheless, the RT-gPCR analysis showed that LLC1 tumors exhibited no
significant changes in the expression of selected genes and miRNAs following a
fractionated irradiation regimen.

The microarray data revealed that FD irradiation induced differential
expression in the highest number genes. In addition, only a total of 145 genes
were commonly expressed between all irradiation regimens demonstrating a
significantly different gene expression pattern in LLC1 cells following exposure
to single or fractionated dose irradiation. These results are supported by previous
reports (Tsai et al. 2007, Simone et al. 2013, Palayoor et al. 2014) that also
indicated that different gene expression profiles in human carcinoma cell lines
were irradiation dose delivery dependent. In addition, Coleman’s group
previously identified potential therapeutic targets in human prostate carcinoma

cells exposed to fractionated irradiation (John-Aryankalayil et al. 2010).
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Therefore, with regard to these observations, our findings also suggest that
fractionated dose irradiation could be a more relevant approach in identifying
genes and molecular pathways clinically important to the improvement of
radiotherapy.

In the present study we have demonstrated that the most significantly
altered functional categories in LLC1 cells following all irradiation regimens
were cell cycle regulation and P53 signaling pathways. In addition, the most
significant pathway enrichment was identified in cells exposed to FD.

Previous studies suggested that the tumor suppressor P53 plays a central
role in cellular response to irradiation in P53 wild type cell lines (Fei and El-
Deiry 0000, Gudkov and Komarova 2003, Rashi-Elkeles et al. 2011). The
radiation-induced activation of P53 results in temporary cell cycle arrest to
facilitate damaged DNA repair as well as apoptosis if the DNA damage is too
severe (Fei and EI-Deiry 0000, Mirzayans et al. 2012). In this study we found that
the majority of cell cycle genes were downregulated in LLC1 cells following SD
and FD regimens including genes promoting G1-S and G2-M transition.
Interestingly, the expression of kinases Atr and Chek1, which are implicated in S-
phase DNA damage checkpoint (Willis and Rhind 2009), was also downregulated
in LLC1 cells exposed to irradiation. In addition, treatment with irradiation
resulted in a significant upregulation of cyclin dependent kinase inhibitor P21
which is a master regulator of cell cycle checkpoints (Cazzalini et al. 2010).
However, the deregulation of gene expression was more robust in cells exposed
to FD. These included differentially expressed genes associated with the
progression of DNA replication and mitosis. For instance, the expression of
anaphase-promoting APC/C complex encoding genes including Cdc26, Cdc27,
Anapc2 and Anapcll was altered in cells exposed to FD. In addition, FD
irradiation deregulated the expression of Bubl and Bub3 which are involved
strictly in the spindle assembly checkpoint and the regulation of APC/C catalytic
activity (Shepperd et al. 2012). In addition, the irradiated LLC1 cells

demonstrated a significantly upregulated expression of genes involved in the
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regulation of apoptosis. However, microarray data indicated that the deregulation
of gene expression associated with pro-apoptotic process peaked in cells exposed
to SD10. The expression levels of anti-apoptotic genes including Bcl2I1 and Akt2
were more elevated in cells after the exposure to FD compared to SD. These data
correlated with the finding that the survival fractions of LLC1 cells were
significantly higher after exposure to FD compared to SD10. Therefore, together
these results indicate that the final prosurvival outcome of radiation-induced
DNA damage response of LLC1 cells treated with FD is dependent on the
cumulative effect of the differential expression of genes.

The present study revealed that the expression of genes involved in the
Immune response was significantly altered in LLC1 cells following all irradiation
regimens. Despite that, the extent of differentially expressed genes was similar in
cells exposed to SD10 and FD, but the set of differentially expressed
inflammatory genes was significantly different between these irradiation
protocols. This is in accordance with previous reports that indicated a distinct
expression profile of immune response genes in cells exposed to SD or FD (John-
Aryankalayil et al. 2010, Palayoor et al. 2014). The microarray analysis also
demonstrated that genes from the immune response category differently
expressed in the irradiated LLC1 cells included genes encoding chemokines,
cytokines and cytokine receptors, tumor necrosis factors and other proteins
involved in the regulation of immune response signaling. Our results are
consistent with previous studies demonstrating that RT can promote the immune
recognition of tumor cells by increasing the expression of antigen presenting
molecules, pro-inflammatory cytokines and the release of “danger signals”
leading to the attraction of the immune cells to the irradiated tumor site (Formenti
and Demaria 2013). Moreover, the expression of transcription factors including
Nfatcl and Statl was upregulated in cells exposed to SD and FD irradiation.
Members of the STAT family have been shown to activate the transcription of
genes involved in cancer cell survival, proliferation and angiogenesis (O'Shea et

al. 2015). In addition, it was shown that the overexpression of Statl in tumor cells

93



Is associated with in an increased resistance to irradiation (Khodarev et al. 2004,
Zhan et al. 2011). Furthermore, the treatment with FD elevated the expression of
Stat5a suggesting that other Stat family members could be involved in the
resistance to radiotherapy. This is further supported by a previous study that
demonstrated a correlation between the expression levels of Stata and the
radiosensitivity in HNSCC cancer cells (Stegeman et al. 2013). Therefore, these
findings suggest that radiation-induced immune response in the irradiated LLC1
cells may contribute to the outcome of tumor development in a dose delivery
dependent manner. Furthermore, radiation-induced changes in the expression of
inflammatory genes in tumor cells and the tumor microenvironment are
considered to be pro-imunogenic, increasing the ability to combine RT with
immunotherapy for cancer treatment (Kalbasi et al. , Frey et al. 2014). Preclinical
data also indicates that the promotion of antitumor immune response is irradiation
delivery type dependent since RT delivered as single dose is not sufficient to
induce antitumor immunity (Dewan et al. 2009, Schaue et al. 2012, Kulzer et al.
2014). Together these findings suggest possible directions for the development of
more efficient anticancer irradiation treatment strategies, based on exploiting the
prosurvival and immunogenic tumor inflammatory pathway alterations during FD
irradiation.

Several previous studies have shown that exposure to single dose
irradiation results in differential expression of miRNAs in various cancer and
normal cells (reviewed in (Metheetrairut and Slack 2013)). In the present study,
the expression of a total of 18 miRNAs was significantly altered in LLC1 cells
exposed to IR. The microarray analysis also identified that the expression of miR-
34 cluster miRNAs including miR-34b and miR-34c was significantly up-
regulated in cells exposed to both irradiation regimens. Previous reports have
shown that members of the miR-34 family are regulated by P53 and are involved
in the regulation of cell cycle arrest, proliferation inhibition and apoptosis
(Hermeking). miR-34 family miRNAs were also shown to be up-regulated in

different human cancer cells exposed to IR (Josson et al. 2008, Girardi et al.
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2012). These observations suggest that miR-34 family miRNAs play a key role in
the response to IR in LLC1 cells. The microarray data analysis demonstrated that
fractionated irradiation induced the most robust deregulation of mMIRNA
expression, indicating that the expression of miRNA is also altered in an
irradiation delivery dependent manner. Similar results were shown in previous
reports that demonstrated a higher magnitude of changes in the expression of
miRNA in prostate cancer and endothelium cells following FD (John-
Aryankalayil et al. 2012, Palayoor et al. 2014). In addition, Leung et al. (Leung et
al. 2014) reported that only a small number of miRNAs differentially expressed
in breast cancer cells exposed to SD or FD were the same, suggesting that FD
induces a distinct miRNA signature compared to SD treatment.

To further extend the understanding of the role miRNAs play in the
cellular response to IR, we performed miRNA target filter analysis to identify
potential functional relations between differentially expressed mRNA and
miRNA in LLC1 cells exposed to radiation. However, the identification of
regulatory miRNAs and their target mMRNAs is a major challenge since a single
miRNA may regulate multiple mRNAs and vice versa. In addition, statistical
methods which are able to identify these miRNA controlled regulations may
result in thousands of putative miRNA-mRNA pairs leading to the inability to
extract biologically relevant understanding of the collective function of
differentially expressed miRNAs. Therefore, in the present study we focused on
the negative correlation between the expression of miRNA and genes associated
with P53, cell cycle, apoptosis and immune response pathways which were
shown to be the most prominently altered in LLC1 cells following SD and FD
irradiation.

It has been shown that the transcription factor P53 plays an important role
in the regulation of the transcription of several miRNAs which in turn control the
expression of P53-regulated genes mediating cell cycle arrest and apoptosis
(Hermeking , Hermeking 2012). The present miRNA target analysis revealed an

inverse correlation between miR-34c and differentially expressed E2f3, E2f5 and
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Ccne2 suggesting that the up-regulation of miR-34c could be associated with G1
phase control in LLC1 cells exposed to radiation. This is also supported by
previous reports that have pointed out the role of miR-34c in the induction of G1
as well as G2/M cell cycle arrest (Cannell et al. 2010, Achari et al. 2014). In
addition, Li et al. (Li et al. 2015) have shown that the expression of E2F3 was
also reduced after the up-regulation of miR-34c in endometrial carcinoma cells
indicating that E2F3 could be a target of miR-34c. Furthermore, our results
identified a negative correlation between several miRNAs and genes
differentially expressed in cells exposed to FD. For instance, the upregulation of
miR-30c correlated with the downregulation of Ccne2, Stagl, Orc4 and Skp2. In
addition, the expression of Stagl and Orc4 inversely correlated with the
differential expression of miR-129, miR-145a and miR-186. Taken together, our
observations suggest that these miRNAs may play an important role in cell cycle
arrest in LLC1 cells in an irradiation dose delivery dependent manner. However,
we did not observe any significant correlation between differentially expressed
miRNAs and genes involved in apoptosis with the exception of a negative
correlation between the expression of miR-30c and Ppp3cbh. Nevertheless, several
miRNAs differentially expressed after irradiation were previously shown to be
associated with the regulation of apoptosis implying their potential role in
irradiated LLC1 cells. For instance, the overexpression of miR-129 promoted
cellular death of irradiated breast cancer cells by targeting HMGB1 (Luo et al.
2015). miR-30c was also demonstrated as a key player in radiation-induced
hematopoietic cell damage response (Li et al. 2012).

There is emerging evidence that miRNAs are involved in radiation-
induced regulation of the inflammatory responses (John-Aryankalayil et al. 2012,
Zhao et al. 2013, Palayoor et al. 2014). Target filter analysis revealed that almost
all miRNAs differentially expressed in LLC1 cells exposed to SD and FD
showed inverse correlations with several genes associated with immune response
underlining the role of miIRNA in the inflammatory response to irradiation.

Target enrichment data also indicated that the regulation of miRNA and
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inflammatory gene network in LLC1 cells treated with fractionated irradiation
was significantly different. In addition, the upregulation of Statl correlated with
miR-710 and miR-105 which were downregulated in cells exposed to SD or FD,
respectively. The data present reveals, that treatment with FD also upregulated
the expression of miR-145-5p which was identified previously to target Statl
(Gregersen et al. 2010) indicating that some differentially expressed genes could
be regulated by distinct miRNAs in cells irradiated with SD or FD. Therefore,
these data suggest that the regulation of immune response by miRNAs in
irradiated LLC1 cells might be irradiation dose delivery dependent.

However, the present study also clearly demonstrated that the expression
of genes and miRNAs induced in LLCL1 cells after the exposure to irradiation did
not elevate in cells irradiated in vivo. Despite the fact that treatment with SD10
increased the expression of genes involved in P53 pathway in LLC1 tumors, no
significant changes in the expression of selected genes and miRNAs were
observed in vivo following the exposure to fractionated irradiation, suggesting
that radiation-induced changes in gene and mIRNA expression might be
differently modulated by the tumor microenvironment. In fact, similar results
were obtained by previous studies which have applied different strategies to
validate in vitro data. Camphausen et al. (Camphausen et al. 2005) reported that
glioblastoma U87 and U251 cells exposed to single dose of 6 Gy in vivo exerted a
different set of differentially expressed genes compared to cells grown in tissue
culture. Moreover, Tsai et al. (Tsai et al. 2007) demonstrated that prostate cancer
DU145 cell xenografts exhibited a completely different profile of genes induced
by both SD and FD compared to the same cells exposed to irradiation in vitro
indicating that a 10 Gy exposure in vivo could only reach an effect of up to 3 Gy
exposure under in vitro growth conditions. Therefore, these data suggest that the
investigations on the functional consequences of gene and miRNA expression
will require considering to more biologically relevant experimental conditions.

In summary, our results indicated that the gene and miRNA expression

profiles in LLCL1 cells exposed to irradiation were dose delivery type dependent.
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Data analysis also revealed mRNAs possibly regulated by miRNAs in a radiation
dependent manner, suggesting those mRNAs and miRNAS as potential targets
to modulate radiation-induced cell response after the exposure to SD or FD
irradiation. The tumor response to fractionated irradiation was different
compared to irradiated cells in vitro, suggesting that experimental in vitro
conditions, especially the tumor microenvironment, should be reconsidered in
more detail to promote the development of more efficient radiotherapy.
Nevertheless, the present study points out the key pathways involved in radiation
induced response of murine cancer cells exposed to irradiation. Our data obtained
utilizing LLCL1 cells in monolayer cell culture and syngeneic LLC1 tumors can be
further applied to improve the outcome and the development of radiotherapy in

preclinical animal model settings.
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4.2 The regulation of gene expression in an ECM dependent manner

The loss of numerous physiological features was noted in cancer cells
cultivated in 2D cell cultures, leading to a poor representation of molecular
events occurring in tumor tissue (Ross et al. 2000, Irish et al. 2004).
Nevertheless, restoration of cell characteristics physiologically more
representative of tumor tissue, including cellular phenotype, gene expression and
signaling patterns, is expected when cells are cultured in 3D (Storch et al. 2010).
Observations that cancer cells grown under 3D cell culture conditions are less
susceptible to agents of anticancer treatment suggest that differential gene
expression profiles in cancer cells grown in 2D compared with 3D cell culture
provide a therapeutic window for molecular targeting and prognostic strategies
that could be used in the development of anticancer therapy. Therefore, in the
present study we compared cellular morphology, genome-wide gene and miRNA
expression changes in murine Lewis lung carcinoma cells and genome-wide
expression changes in two human colon carcinoma cell lines DLD1 and HT29
grown in Ir-ECM 3D cell culture to cells grown on plastic. The present results
indicate the most significantly altered functional pathway categories in cells
cultured under 3D cell culture conditions.

In the second part of the study, we observed that cells grown under Ir-
ECM 3D cell culture conditions compared to 2D displayed specific
morphological changes as LLC1, DLD1 and HT29 cells formed 3D spheroids.
These observations are consistent with a previous report that demonstrated
similarly altered cellular morphology of CRC cells cultured in “ECM on top” 3D
model (Luca et al. 2013). In addition, Kenny et al. also indicated that distinct 3D
cell culture phenotypes of breast cancer cells reflected distinct gene-expression
profiles correlated with invasiveness of tumor cell lines obtained from metastases
(Kenny et al. 2007). These observations suggest that the ECM provides a more
reliable microenvironment than plastic and is markedly mare similar to the

microenvironment in tumor tissue. Hence, further investigation of differential
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gene expression profiles using 3D cell culture models could uncover molecular
characteristics of CRC cells closely related to tumors in vivo, which cannot be
well established in 2D cell cultures.

Our findings demonstrated a markedly altered gene expression signature
of LLC1 and CRC cells grown Ir-ECM 3D cell culture conditions compared to
2D. The differences in cell culture conditions resulted in 1884 differently
expressed genes in LLC1 cells demonstrating the broad influence of the ECM
environment in gene expression regulation. In addition, we also found that the
expression of selected hnfda, infbl, kIf8 and fgfr4 genes was significantly
increased in LLC1 tumors likewise in LLC1 cells cultured under 3D cell culture
conditions compared to gene expression levels in cells grown on plastic. Our
microarray data also demonstrated significantly altered expression signatures in
CRC cells between the two cell culture models. We found that changes in cell
culture conditions resulted in a significantly altered expression of a total 841 and
1190 genes in DLD1 and HT29 cells, respectively. Furthermore, our results
revealed that a higher number of genes were down-regulated in an ECM-
dependent manner compared to 2D. In addition, microarray data also indicated
383 common genes differentially expressed in both cell lines, and most of these
genes were also down-regulated in an ECM-dependent manner. Together these
findings are consistent with previous reports that noted significantly altered gene-
expression profiles in numerous cancer cell types between 2D and 3D cell culture
models (Fournier and Martin 2006, Harma et al. 2010, Zschenker et al. 2012,
Luca et al. 2013). Furthermore, KEGG pathway enrichment results revealed
significant ECM-dependent alterations in gene functional categories in LLC1 and
CRC cells grown in 3D. We found that MAP Kkinase, cell adhesion and immune
response functional pathway categories were most significantly altered in LLC1,
DLD1 and HT29 cells between 2D and 3D culture conditions, suggesting the
existence of common molecular mechanisms controlled in an ECM-dependent

manner.
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Our findings are in agreement with a previous reports also indicating that
cellular adaptation to a 3D culture environment significantly alters the expression
of genes involved in ECM and cell adhesion (Frith et al. 2010, Zschenker et al.
2012). In addition, our results indicate that functional categories associated with
cell-ECM and cell—cell interactions were most significantly altered in CRC cells.
In addition, microarray data revealed significantly altered expression of numerous
integrins (ITGA3, ITGB4/5/7/8) in CRC cells grown under 3D and 2D cell
culture conditions. These findings are in accordance with a previous report that
also showed a differential expression of genes involved in the regulation of
integrin signaling and cell—cell interaction, leading to different cellular response
to radio- and chemotherapy (Zschenker et al. 2012). In addition, Bissel et al.’s
group also demonstrated that the inhibition of the integrin signaling cascade
remarkably influenced the cellular phenotype and behavior of breast cancer cells
cultured in 3D, indicating the key role of the ECM-integrin signaling cascade
during cellular adaptation to a 3D cell culture microenvironment (Weaver et al.
1997).

Two previous studies demonstrated differential expression of MAPK
pathway genes in CRC cells cultured under ECM 3D cell culture compared with
2D using genome-wide transcriptome approach. Tsunoda et al. revealed that
activated V-Ki-ras2 Kristen rat sarcoma viral oncogene homolog (KRAS) in
colon carcinoma HCT116 cells markedly suppressed DNA repair genes and
apoptosis in a 3D cell culture but not in 2D, suggesting a critical role of MAPK
pathway in accumulation of genetic mutations through inhibition of tumor-
suppressor genes (Tsunoda et al. 2010). Luca et al. also demonstrated altered
epidermis growth factor receptor (EGFR) protein levels and a switch between rat
sarcoma oncogene RAS-MAPK pathway activation between 2D and Ir-ECM 3D
models, suggesting that cellular adaptation to a 3D microenvironment might
promote essential reorganization of molecular mechanisms to acquire resistance
to targeted therapy during cancer progression (Luca et al. 2013). In keeping with

previous considerations, The MAP kinase signaling pathway was the one of the
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most significantly altered KEGG categories and resulted in 25 genes differently
expressed in LLC1 cells cultured under Ir-ECM 3D culture conditions compared
to 2D. Furthermore, our microarray results indicated altered expression of
fibroblast growth factor-related FGFR3, FGF9/19/20 and MAPK kinases
MAP2K3, MAP3K1, MAP3K5, MAP3K8 and MAP3K14 genes in CRC cells
grown under 3D and 2D cell culture conditions. Together these observations
suggest that the ECM plays crucial role in regulation of MAPK pathway-related
genes. Thus, 3D culture model as a useful approach could promote the
investigation of MAPK-driven molecular mechanisms in CRC development and
might also be exploited for the development of targeted cancer therapy.
Additionally, microarray data also revealed differential expression of
genes associated with inflammatory response in LLC1 and CRC cells grown
under Ir-ECM 3D and 2D conditions. We found that the expression of genes
related to cytokine (e.g. IL8) and chemokine (e.g. CXCL1-3) signaling pathways
were markedly altered in CRC cells an ECM-dependent manner. In addition, our
results also depicted the differential expression of cytokine receptors (il2ra,
i112rb2, i121r and il22ra), chemokine receptors (ccr3, xrcl and cxcr7) and tumor
necrosis factor receptors (tnfrsflb, 9, 11a and 25) supporting further modulation
of cross-talk between cancer and their microenvironment in ECM dependent
manner, which cannot be established in 2D cultures. Chemokines and cytokines
play the key roles in the initiation of immune response during tumor development
(Burkholder et al. 2014). Chemokines attract lymphocytic migration, whereas
cytokines can direct the polarization and activation of antigen-presenting cells
(e.g. macrophages) and T-cells. Nevertheless, deregulated signaling of cytokines
and chemokines in a tumor microenvironment promotes tumor progression
(Zamarron and Chen 2011). Furthermore, interferon 1 beta (infbl) was the most
significantly up-regulated inflammatory gene in LLC1 cells under 3D conditions.
Interferons have been shown to promote anti-proliferative, anti-angiogenic and
immunoregulatory effects on many tumor types (Wilderman et al. 2005,

Trinchieri 2010). Nevertheless, we also observed increased ifnbl levels in mouse
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LLC1 tumors suggesting that the primary role of elevated basal ifnb1 levels could
be more associated with regulation of tumor immuno-surveillance, but not
necessarily with tumor suppression. Our results also indicated increased
expression of NFAT family nfatc2 and nfatc4 genes in LLC1 cells grown under
Ir-ECM 3D culture conditions as compared to 2D. As NFAT transcription factor
family was originally identified to mediate the response of immune cells, recent
studies have demonstrated that NFATS also perform important roles in formation
of tumor microenvironment. Activation of NFAT signaling in cancer cells results
in inflammatory chemokine production eventually leading to recruitment of
inflammatory cells to the tumor (Grivennikov et al. 2010). Interestingly, a recent
report suggested that NFAT2 constitutive activation in transgenic mice also
linked the microenvironment and the neighboring cells, as both tumor cells
expressing NFAT2 and neighboring wild-type cells up-regulated c-Myc and
STATS3 in spontaneous skin and ovary tumors (Tripathi et al. 2014). On the other
hand, previous reports also associated NFAT signaling axis to VEGF driven
tumor angiogenesis regulation indicating complex nature of NFAT in metastatic
niche formation (Minami et al. 2013). Therefore, we suggest that the 3D cell
culture model should be considered as an essential tool for the investigation of
genes involved in tumor cell-immune system interactions. A better understanding
of the cross-talk between tumor and immune cells in an ECM-dependent manner
could also notably promote development of preclinical targeted immunotherapy
which cannot be properly established under 2D culture conditions.

While it has been well observed that miRNAs regulate the expression of
ECM molecules, emerging evidence shows that miRNA expression and function
could be significantly affected by the ECM (Rutnam et al. 2013, Soon and Kiaris
2013). Consistent with these observations, in the present study microarray data
demonstrated a signature of significantly altered expression of 77 miRNAs in
LLC1 cells grown under 2D and Ir-ECM 3D cell culture conditions compared to
cells cultured on plastic. Interestingly, our results showed that ECM strongly

induced the up-regulation of miIRNA in LLC1 cells grown under 3D culture

103



conditions. This is in accordance with a previous report which suggested that
global upregulation of miRNA expression may be linked with the changes in
cellular density (Hwang et al. 2009). Furthermore, our results also indicated that
the ECM induced upregulation of miR-466~467~669 (e.g. miR-466b,c,d), miR-
376 (miR-376a, miR-376b, miR-376¢), and miR-34 (miR-34b and miR-34c)
clusters. The miR-466~467~669 cluster is known as one of the largest miRNA
clusters in mouse genome containing 71 miRNAs. A previous report (Zheng et al.
2011) suggested that members of this cluster are abundantly expressed during
mouse embryo development and might regulate growth and survival of
embryonic stem cells. On the other hand, it has been shown that miR-376 cluster
mIiRNAs are associated with tumorigenesis. For example, elevated expression of
miR-376a promoted tumor cell migration and invasion and also positively
correlated with advanced tumor metastasis and shorter patient survival
(Choudhury et al. , Mo et al. 2014). In addition, overexpression of miR-376¢
increased ovarian cancer cell survival and was associated with a poor response to
chemotherapy (Ye et al. 2011). Moreover, elevated levels of miR-376¢c were
shown in plasma of early stage breast cancer patients (Cuk et al. 2013). By
contrast, miR-34 cluster encodes MiIRNAs possessing tumor suppressive
properties mediating apoptosis, cell cycle arrest and senescence (Hermeking
2009). Our miRNA microarray data were consistent with previous reports
indicating that human cancer cells cultured on ECM 3D cell culture conditions
have also exhibited a significantly altered miRNA expression profile compared to
cells cultured on plastic (Li et al. 2012, Nguyen et al. 2012, Price et al. 2012).
ECM 3D cell culture associated miRNA profiles demonstrated altered expression
of tumor suppressive and oncogenic miRNAs and also correlated with distinct
cellular morphogenesis under 3D culture conditions highlighting the regulation of
MiRNA expression in an ECM dependent manner. Additionally, we also showed
that the expression of selected miR-195a, miR-207, miR-376¢ and miR-466f
miRNAs was also significantly increased in mouse LLC1 tumors as compared to

MiRNA expression levels in 2D indicating the potential role of these miRNAs in
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tumor progression in vivo. Altogether, these findings suggest that the 3D cell
culture should be considered as a critical experimental approach for essential
understanding of the miRNA biology associated with tumor microenvironment.
Indeed, the gene expression signature of 3D culture of breast cancer cells has
been found to define prognostic value for patients with breast cancer (Martin et
al. 2008). Understanding how ECM regulates miRNA expression will also further
elucidate how miRNAs determine tumor development and reveal potential
prognostic and therapeutic opportunities.

Further on we also investigated potential relations between 77 differently
expressed MiIRNAs and their target genes to depict possible miRNA-mRNA
interactions in LLC1 cells regulated by ECM microenvironment under 3D cell
culture conditions. We found that 8629 unique target genes could be regulated by
these differently expressed miRNAs. Pathway enrichment analysis also revealed
that 69 KEGG pathways were enriched in target genes related to these miRNAs
including pathways involved in tumor development. However, as it is known that
mIRNA targets multiple mRNAs, the ability to find the key pathways by
computational approaches is highly dependent on size of miRNA profile. In
addition, the statistical target analysis approach could be successful if the miRNA
of interest has an effect on the abundance of expressed target gene, but not if
expression of target gene is regulated only by translational inhibition. Hence, we
focused on negative correlation analysis between differently expressed miRNA
and genes associated with MAPK, cell adhesion and immune response pathways
in LLC1 cells grown under 2D and 3D cell culture conditions. Indeed, we found
that differently expressed genes associated to these pathways could be potentially
regulated by miRNAs differently expressed in LLC1 cells.

In the present study, the miRNA target filter analysis identified that the
expression of kras, mknk1 and pak2 kinases involved in the MAP kinase pathway
negatively correlated with the expression of miR-761, mir-195 and miR-297a,
respectively. The target correlation analysis also depicted miR-34b, miR-34c,

miR-466f and miR-500 miRNAs as potential negative regulators of sos2 gene
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expression. However, the evidence implicating miRNAs role in MAP kinase
pathway is still emerging. Previous report suggested that miR-34c may suppress
proliferation of lung cancer cells by inhibition of MAPK pathway (Zhou et al.
2015). In addition, previous data also associated regulation of miRNAs with
MAP Kkinases in pancreatic cancer cells showing that expression of miR34a
inversely correlated with MAPK pathway activity (Ikeda et al. 2012). Ichimura et
al. also demonstrated that miR-34a suppressed the expression of MEK1 leading
to repression of the MEK-ERK signaling axis (Ichimura et al. 2010). In the
present study we also observed a significant link between deregulated expression
of miRNA and cell adhesion molecules. For example, our results indicated a
negative correlation between expression of collal and miR-135a, miR-137 and
miR-590. In addition, decreased flna expression might be influenced by miR-328
and miR-761. These findings are consistent with a previous report indicating the
presence of feedback mechanisms that promote ECM molecules, which are
downstream targets of specific miRNA, to regulate expression of these miRNAs
(Price et al. 2012). A similar target enrichment analysis also revealed that
increased expression of miRNAs might be connected with the regulation of
Immune response pathway genes. For example, our results depicted a negative
correlation between expression of chemokine receptor xcrl and miR-669b.
Additionally, we also noted that decreased expression of oas3 might be affected
by numerous miRNAs. Thus, taken together these findings suggest that
metabolic, MAP kinase, cell adhesion and immune response pathway genes
might be regulated by miRNAs altered in ECM dependent manner. Therefore, the
3D cell culture model could be applied not only for further investigation of
common cancer pathways altered in ECM dependent manner but also for the
study of specific miRNAs involved in ECM-mediated cancer signaling networks.
Further understanding of complex ECM dependent signaling networks in tumors
could direct to novel cancer treatment strategies.

In summary, our results indicated the MAP kinase, cell adhesion and

Immune response as the most significantly altered functional categories in LLC1,
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DLD1 and HT29 cells during the switch from 2D to 3D. Global miRNA
expression analysis confirmed the involvement of miRNA in the regulation of
ECM dependent properties of cancer cells. Comparison of the expression levels
of selected genes and miRNA between LLC1 cells grown in 3D cell culture or
LLC1 tumors implanted in mice indicated correspondence between both model
systems. Therefore, the present results indicate the existence of universal
regulation for the key pathways both in 3D culture and tumor suggesting the most
promising directions for translational cancer research using the 3D cell culture

models.
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4.3  Microenvironment and dose delivery dependent response to
ionizing radiation in human colorectal cancer cell lines

As discussed previously, the extracellular matrix plays an important role in
cancer cell development and other cancer related molecular processes (Hanahan
and Weinberg). Moreover, cells cultured under ECM based 3D cell culture
conditions maintain an increased resistance to common cancer therapies and
could be employed to identify gene signatures for the prediction of clinical
outcome (Fournier and Martin 2006, Fernandez-Fuente et al. 2014). Therefore, in
the third part of the study, we focused on genome-wide transcriptome changes of
human colorectal cancer DLD1 and HT29 cell lines (both bearing distinct P53
mutations) grown in 3D culture following SD of 2 Gy and 10 Gy or FD 5x2 Gy
irradiation to indicate possible molecular mechanisms promoting tumor cell
resistance to irradiation.

In the present study, both DLD1 and HT29 cells showed significantly
enhanced cell survival under 3D culture conditions following both irradiation
protocols compared to cells grown in 2D. In addition, exposure to FD resulted in
an increase of clonogenic survival under 3D cell culture conditions in both cell
lines, compared to SD. These results correlated with previous data that indicated
an increase of cell adaptation to irradiation following FD regimen under 2D cell
culture conditions (John-Aryankalayil et al. 2010, John-Aryankalayil et al. 2012).
In addition, other studies have clearly demonstrated an increase in cell survival
after SD treatment in a cell-cell and cell-ECM interaction dependent manner
leading to increased DNA repair rate, chromatin remodeling or maintenance of
cell survival in association to the activation of the integrin signaling cascade
(Hehlgans et al. 2007, Storch et al. 2010). Therefore, together these findings
suggest that that fractionated dose irradiation could be a more relevant approach
to further predict and identify genes potentially involved in cancer cell response
to radiation treatment and cell survival when cells are exposed to irradiation

under Ir-ECM 3D cell culture conditions.
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In the present study, the microarray data demonstrated significantly
different gene expression patterns in response to SD or FD treatment in CRC
cells under Ir-ECM 3D cell culture conditions compared to non-irradiated cells.
Most of these genes were downregulated in both DLD1 and HT29 cell lines and a
significantly higher number of downregulated genes were common amongst all
radiation doses, thus implying that decreased gene expression is a general result
of the cellular response to IR. This study also demonstrated that altered gene
expression patterns significantly differed between CRC cell lines. The differential
expression of P53 target genes involved in cell cycle control, DNA replication
and DNA damage repair was clearly evident in DLD1 cells in an irradiation dose
delivery dependent manner. In addition, the gPCR analysis indicated that the
expression of genes involved in P53 signaling pathway in DLD1 cells could be
induced in a cell-ECM interaction dependent manner.

The function of P53 is frequently altered or impaired in human tumors and
a major variety of P53 mutants exhibit gain of function properties that further
could be involved in prosurvival signaling and tumor progression (Oren and
Rotter 2010). Consequently, the cellular response to irradiation may also depend
on the variety of mutations occurring in P53 (OKAICHI et al. 2008). If such
mutations facilitate the activation of the cell cycle and DNA repair pathways but
not apoptosis, gain of function would increase cellular survival following
irradiation. Therefore, the activation of the P53 related pathways could increase
radiation survival in DLD1 cells exposed to irradiation.

Radiation induced DNA damage mediated activation of cell cycle
checkpoints results in the arrest of cell cycle to allow the repair of damaged
DNA, if the damage is not too severe. Previous studies have also suggested that
the regulation of DNA repair pathways may be induced at early time points
following irradiation and may be involved in the adaptive response to irradiation
inflicted stress (Sharp et al. 2007, Short et al. 2007). In the present study we
demonstrated that cell cycle and DNA replication/DNA damage repair pathways

were the most significantly enriched KEGG categories altered in DLD1 cells in
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an irradiation dose delivery dependent manner. Microarray results also
demonstrated that the expression of genes promoting G1/S or G2/M cell cycle
transition was significantly increased in DLD1 cells following FD. On the
contrary, previous studies have demonstrated that the expression of genes
promoting cell cycle transition was significantly downregulated in P53 wt cells
grown in a 2D culture following irradiation with SD or FD (John-Aryankalayil et
al. 2010, John-Aryankalayil et al. 2012, Palayoor et al. 2014). Moreover, a study
of NCI-60 cell line panel irradiated with SD of 8 Gy indicated a similar set of
downregulated genes involved in G2/M transition in cell lines carrying wt P53
(Amundson et al. 2008). Therefore, considering these findings, our observations
suggest that the activation of the expression of cell cycle progression genes in
DLD1 cells in an ECM dependent manner might be associated with the increased
survival of tumor cells during the course of radiotherapy. This is further
supported by the previous observations indicating that genes involved in the cell
cycle progression could also directly contribute to the maintenance of DNA
damage repair (Enserink and Kolodner 2010, Chen et al. 2011, Chen et al. 2016).
In addition, Storch and Cordes indicated that the over-expression of CDK9
mediated radioprotection of HNSCC cell lines grown in Ir-ECM 3D cell culture
conditions (Storch and Cordes 2016). Furthermore, our data demonstrated that
the expression of DNA repair genes peaked in DLD1 cells exposed to FD. On the
contrary to this finding, previous genome-wide studies showed no significant
changes in expression of DNA damage repair genes in cells after SD and FD
irradiation (John-Aryankalayil et al. 2010, Simone et al. 2013) or the expression
of DNA repair genes was significantly downregulated in exposed cells grown in
2D (Tsai et al. 2007, Palayoor et al. 2014). However, it was previously
demonstrated that an increased DNA damage repair in tumors cells exposed to
irradiation under Ir-ECM 3D cell culture conditions could be ECM signaling
dependent (Eke et al. 2012, Hennig et al. 2014, Eke and Cordes 2015). These
findings suggest that DNA repair genes could be involved in resistance to IR in

DLD1 cells grown under 3D cell culture conditions. Therefore, the inhibition of
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these pathways could be employed for the modulation of cellular radiosensitivity
during the radiotherapy treatment.

This study revealed that the expression of a relatively high number of
immune response genes was altered in both CRC cell lines in an irradiation
delivery dependent manner. Nevertheless, fold change levels of differentially
expressed genes peaked in HT29 cells exposed to FD irradiation. The most
significantly up-regulated genes included those encoding for interferon
stimulated gene (ISG) family proteins, which have been shown to activate several
immune system components in response to viral infection and regulate pro-
inflammatory processes (Melchjorsen et al. 2009, Diamond and Farzan 2013). In
addition, the expression of interferon A (IL29, type III interferon) was
significantly induced in HT29 cells following the FD regimen. IL29 have been
reported to possess antiviral, anti-proliferative and in vivo antitumor activities
(Uze and Monneron 2007). This is in accordance with previous reports,
indicating that response to IR is dependent on interferon (INF) cytokines (Tsai et
al. 2007, Simone et al. 2013). It was also shown that irradiated cells harboring
elevated expression of ISGs were significantly more radioresistant, indicating
that the modulation of the interferon signaling pathway could be applied in
immunoradiotherapy (Kita et al. 2003). Therefore, these observations suggest that
INF inducible genes also could be linked to ECM-cell interaction dependent
radioresistance. In addition, one of the key mediators of the type | and type Il
interferon JAK-STAT signaling pathway, STAT2 was upregulated in a fashion
described above. STAT1 and STAT?2 associate with IFN regulatory factor 9
(IRF9) to form transcription factor complex ISGF3, which further drives
transcription of various INF related genes (Au-Yeung et al. 2013). Previous data
also demonstrated that elevated levels of STAT2 in cells leads to more resistant
response to DNA damage (Cheon et al. 2013). Therefore, together these
observations highlight the possible link between cell immune response and tumor
cell niche formation via inflammatory processes in cancer cells exposed to

ionizing radiation. In addition, the expression patterns of many immune response
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genes are used as biomarkers for in vivo chemotherapeutic agent activity
screening (Cairo et al. 2012), thus results obtained in our present study under
ECM based 3D cell culture conditions may help to further improve targeted
radiation therapy.

A minority of differentially expressed genes were similarly upregulated or
downregulated in CRC cell lines following irradiation. Several immune response
genes were upregulated in CRC cells exposed to SD of 10 Gy including RELB,
NFKBIA, NFKBIE. The NF-kB pathway has been reported to play an important
role in the formation of an inflammatory microenvironment during malignant
progression and it is also involved in the development of tumor radioresistance
(Karin 2009, Li and Sethi 2010). Treatment with SD in CRC cells also resulted in
downregulation of genes involved in the cell cycle progression including
AURKA, PLK1, CCNB1, CDC25C and PTTG2. In addition, the expression of
HIST2H2BF and HIST1H3A which are the key components of nucleosome
structure was downregulated in CRC cells exposed to SD of 10 Gy or FD,
respectively. The pathway enrichment analysis revealed that the expression of
genes encoding histones was significantly downregulated in DLD1 cells exposed
to irradiation. This finding indicates that treatment with irradiation could induce
the rearrangement of chromatin in CRC cells. This is supported by the recent
evidence suggesting that the chromatin organization could mediate the cellular
response to DNA damage (Costes et al. 2010). Chromatin decondensation around
the DSB was associated with subsequent activation of ATM (Kim et al. 2009).
Previous findings also showed a connection between heterochromatin factors,
heterochromatin protein 1a and ATM dependent radiation-induced DNA damage
repair (Goodarzi et al. 2008). In addition, Cordes group evaluated the role of
chromatin condensation for the radiation survival of cells grown in 2D and 3D
culture (Storch et al. 2010). They indicated that increased levels of
heterochromatin in cells cultured in 3D resulted in increased cellular survival,
decreased number of DSBs and chromosome aberrations. Furthermore, it was

shown that cellular radiosensitivity in 3D cell culture conditions might be
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modulated by the specific inhibitors of chromatin factors HDACs (Storch et al.
2010, Hehlgans et al. 2013). However, the mechanism by which chromatin
architecture mediates DNA lesions remains unclear. Therefore, a further
assessment of this association is needed for the development of targeted
therapeutic approaches in radiotherapy.

In summary, fractionated dose irradiation resulted in different genome-
wide gene expression profiles compared to a single dose treatment in colorectal
cancer DLD1 and HT29 cells grown under 3D culture conditions. Despite the fact
that a higher number of genes were down-regulated in both CRC cell lines
exposed to irradiation, cell cycle/DNA damage or immune response genes being
the most significantly up-regulated following irradiation in 3D conditions DLD1
and HT29 cells cultured in 3D, respectively. In addition, we demonstrated a higher
radiotolerance in both CRC cells grown under 3D cell culture conditions
compared to 2D. Furthermore, the expression signature of selected genes
following FD treatment was dependent on cell culture conditions and resulted in
higher expression in cells under 3D conditions. In addition, we demonstrated
higher radiotolerance in both cell lines under 3D cell culture conditions compared
to 2D. Therefore, the data in the present study suggest that ECM based 3D cell
culture models in combination with the fractionated dose treatment of ionizing
radiation could accelerate the understanding of molecular mechanisms associated
with therapy dependent radioresistance in tumors and promote the development of

more efficient radiotherapy.
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CONCLUSIONS

1. Global gene and miRNA expression profiles of Lewis lung carcinoma
LLC1 cells exposed to irradiation is irradiation dose delivery dependent.
However, the expression of genes and miRNAs between 2D cell culture and

tumors do not correspond after the exposure to fractionated dose irradiation;

2. The expression of genes and miRNAs in Lewis lung carcinoma LLC1
cells as well as the expression of genes in human colorectal carcinoma DLD1 and

HT29 cells is significantly altered in an ECM dependent manner;

3. Common pathways including MAP kinase, cell adhesion and immune
response are significantly altered in cancer cells of different origin in an ECM

microenvironment dependent manner;

4. Cellular response to fractionated dose irradiation in human colorectal
carcinoma DLD1 and HT29 cells is ECM-dependent. Differentially expressed
genes involved in cell cycle/DNA damage repair or immune response pathways
are considered as potential target candidates for the further improvement of

radiotherapy.
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Supplementary table 1. List of primer sequences used for miRNA cDNA

SUPPLEMENTARY MATERIAL

synthesis.

MiRNAS Stem-loop sequence

mir-207 5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAGGGA-3
miR-376¢-3p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGTGA-3¢
miR-466f-3p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGTGT-3*
miR-195a-5p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCCAAT-3*
miR-34b-3p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGATGGC-3¢
miR-34c-5p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCAATC-3’
miR-186-5p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCCA-3’
miR-145a-5p 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGGGAT-3’
Snol35 5--GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTCAG-3*

Supplementary table 2. List of primer sequences used for mRNA RT-qPCR.

Gene Forward sequence Reverse sequence
Hnf4a 5‘-CACGCGGAGGTCAAGCTAC-3° 5‘-CCCAGAGATGGGAGAGGTGAT-3¢
Ifnbl 5‘-CCGAGCAGAGATCTTCAGGAA-3 5‘-CCTGCAACCACCACTCATTCT-3¢
KIf8 5*-TCAGAAAGTGGTTCGATGCAG-3¢ 5°-AACAGAGCTGGGTTCTCCATT-3*
Fgfr4 5‘-GCTCGGAGGTAGAGGTCTTGT-3* 5-CCACGCTGACTGGTAGGAA-3¢
Hprtl 5‘-CCTAAGATGAGCGCAAGTTGAA-3¢ 5‘-CCACAGGACTAGAACACCTGCTAA-3¢
CDK1 5‘-AAACTACAGGTCAAGTGGTAGCC-3°  5-TCCTGCATAAGCACATCCTGA-3*
RAD51 5‘-CAACCCATTTCACGGTTAGAGC-3* 5¢-TTCTTTGGCGCATAGGCAACA-3
THBS1 5*-TGCTATCACAACGGAGTTCAGT-3 5‘-GCAGGACACCTTTTTGCAGATG-3
PCNA 5‘-AGGCACTCAAGGACCTCATCA-3¢ 5‘-GAGTCCATGCTCTGCAGGTTT-3°
1L29 5‘-GGACGCCTTGGAAGAGTCAC-3¢ 5‘-AGCTGGGAGAGGATGTGGT-3¢
IEITM1 5‘-ACGTGACATCCTCGATAAAACTG-3*  5‘-GAACCCATCAAGGGACTTCTG-3¢
IEIT1 5‘-CCAAGGTCCACCGTGATTAAC-3* 5‘-ACCAGTTCAAGAAGAGGGTGTT-3¢
OAS2 5-TCATCAGGTCAAGGATAGTCTG-3¢ 5-GGTGTTTCACATAGGCTAGTAG-3¢
HPRT 5-TGCAGACTTTGCTTTCCTTGGTC-3° 5-CCAACACTTCGTGGGGTCCTT-3*
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Supplementary table 3. List of primer sequences used for miRNA RT-qPCR.

MiRNAS Forward sequence Reverse sequence
miR-207 5-CGGCTTCTCCTGGCTCTCC-3 5-CAGTGCAGGGTCCGAGGT-3'
miR-376¢-3p 5-CGGCGAACATAGAGGAAATT-3 5-CAGTGCAGGGTCCGAGGT-3'
miR-466f-3p 5-GGCGCATACACACACACAT-3 5-CAGTGCAGGGTCCGAGGT-3'
miR-195a-5p 5-GGCGTAGGTAGTTTCATGTT-3 5-CAGTGCAGGGTCCGAGGT-3
miR-34b-3p 5'-CGGCGAATCACTAACTCCACT-3 5 -CAGTGCAGGGTCCGAGGT-3'
miR-34c-5p 5'-GGCGAGGCAGTGTAGTTAGCT-3' 5 -CAGTGCAGGGTCCGAGGT-3'
miR-186-5p 5-GGCGCAAAGAATTCTCCTTT-3 5-CAGTGCAGGGTCCGAGGT-3
miR-145a-5p 5-CGGTCCAGTTTTCCCAGGA-3 5-CAGTGCAGGGTCCGAGGT-3'
SnoRNA-135 5-GTAGTGGTGAGCCTATGGTTTT-3 5-CAGTGCAGGGTCCGAGGT-3

Supplementary table 4. Survival fractions of LLC1 cells exposed to a single dose
or a fractionated dose irradiation.

IR treatment Survival (n=3)
2 Gy 62,2% + 4,1%
4 Gy 20,8% * 3,6%
Single dose treatment 6 Gy 4,6% + 1,3%
10 Gy 0,1% £+ 0,5%
Fractioned dose treatment 5x2 Gy 10.8% + 4,7%
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Supplementary table 5. The relative expression of miRNAs differentially
expressed in LLC1 cells after exposure to SD (2Gy or 10 Gy) or FD (5x2 Gy)

irradiation.
Irradiation dose
miRNA miRbase ID
2Gy 10 Gy 5x2 Gy
miR-34c-5p MIMATO0000381 2.19 2.79 5.30
miR-145a-3p MIMATO0004534 -2.46 -2.08 -2.94
miR-878-5p MIMATO0004932 -2.20 -2.74 -2.43
miR-126a-5p MIMATO0000137 -2.16 -1.6 -2.15
miR-338-5p MIMATO0004647 -2.03 1.10 -1.89
miR-26b-3p MIMATO0004630 -1.31 -2.32 -1.33
miR-136-5p MIMATO0000148 -1.28 2.17 -1.43
miR-466a-5p MIMATO0004759 -1.73 -2.58 -3.28
miR-710 MIMATO0003500 -1.71 -2.45 -3.11
miR-34b-3p MIMATO0004581 2.18 4.07 14.78
miR-34c¢-3p MIMATO0004580 2.32 477 24.93
miR-30c-5p MIMATO0000514 -1.10 1.11 5.50
miR-105 MIMATO0004856 -1.54 -1.31 -3.65
miR-129-5p MIMAT0000209 1.27 2.07 4.26
miR-129-2-3p MIMATO0000544 -1.09 1.35 8.10
miR-145a-5p MIMATO0000157 1.12 1.12 6.99
miR-186-5p MIMATO0000215 1.46 1.55 3.55
miR-192-5p MIMATO0000517 1.55 1.36 2.62

Relative miRNA expression greater than 2 and p<0.05 is shown in bold.

Supplementary table 6. Validation of mMRNA and miRNA microarray data by

RT-gPCR.
Gene 10 Gy ox2 Gy
RT-gPCR 5.090.34 4.510.73
Btg2 Microarrays 5.38£1.55 2.74+0.09
RT-gPCR 4.02+0.57 3.240.47
Ccengl Microarrays 2.06+0.47 2.30+0.45
RT-gPCR 2.64%0.06 2.6+0.49
P21 Microarrays 5.96+1.28 2.43+0.16
Thbs? RT-gPCR 1.30+0.10 2.760.67
S Microarrays 1.29+0.18 2.26%0.11
miRNA
_ RT-gPCR 2.76+0.48 3.6+0.58
miR-34b-3p Microarrays 4.07+1.53 14.78+4.75
_ RT-gPCR 2.67+0.66 2.32+0.34
miR-34c-5p Microarrays 2.79+0.33 5.3+0.90
_ RT-gPCR 1.62+0.48 2.28+0.06
miR-186-5p Microarrays 1.55+0.59 3.55+0.81
. RT-gPCR 1.41+0.46 3.44+0.49
miR-145a-5p Microarrays 1.12+0.88 6.99+1.41
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Supplementary table 7. Full list of differentially expressed genes associated with
MAP kinase, cell adhesion and immune response functional categories in LLC
cells cultured in Ir-ECM 3D versus 2D.

Number
Category Genes P-value
of genes
Elk4, Fgfrd, Cacng5, Pla2g3, Ppp3cc, Fgf20,
Nfatc4, Ecsit, Cacnald, Kras, Mapk8ip3,
MAPK signaling pathway 25 Rasgrp4, Pak2, Gng12, Finc, Stmn1, 6.23e-08
Map3k14, Traf6, Sos2, Mknk1, Flna, Fgfr3,
Pla2g12a, Pla2g2c, Ikbkg
Fogfrd, Diap3, Fgf20, Pik3r2, Pak3, Kras,
Itgb7, Pak2, Ppplch, Gngl12, Myh10, Slc9al,
Regulation of actin cytoskeleton 20 Sos2, Arhgef4, Sshi, Fgfr3, Tmsb4x, 1.35e-06
Rhoaltgal
Ssh3
Lamb3, Vasp, Pdpk1, Pik3r2, Pak3, Vegfa,
Focal adhesion 17 Itgh7, Pak2, Ppplch, Chad, Finc, Sos2, Flna, 3.33e-05
Col3al, Rhoa, Collal, Cav3
Cldn16, 4930412D23Rik, Cdh4, H2-Bl,
Cell adhesion molecules (CAMs) 10 0.0062
Cadm1, Nrcam, ltgal, ltgh7, Cd8a, Cntn2
. . Grm1, Tubb2a, Gnas, Kras, Htr2c, Sos2,
Gap junction 7 0.0103
Itprl
o ) Ppp2rlb, Myh10, Cldn16, 4930412D23Rik,
Tight junction 9 0.0103
Pard3, Ppp2r2b, Kras, Rhoa, Inadl
ECM-receptor interaction 6 Lamb3, Itgh7, Collal, Chad, Col3al, Agrn 0.0237
Ltb, Xcrl, 1112rb2, Tnfrsflla, Cxcr7, Ifnbl,
) . . . Acvr2a, Vegfa, Tnfrsflb, Epo, Tnfrsf9,
Cytokine-cytokine receptor interaction 18 0.0001
1122ral, 1121r, Tnfrsf25, Ccr3, Bmprla, Cntfr,
112ra
. ) Map3k14, Sos2, Ppp3cc, Pik3r2, Pak3,
T cell receptor signaling pathway 11 0.0003
Nfatc4, Kras, Rhoa, Ikbkg, Cd8a, Pak2
. ) Nfatc4, Pla2g3, Kras, Vegfa, Sphkl, Pla2g2c,
VEGF signaling pathway 9 . 0.0004
Ppp3cc, Pla2g12a, Pik3r2
) . Polr3k, Thk1, Ifnbl, Ddx58, Irf3, Ikbkg,
Cytosolic DNA-sensing pathway 7 0.0013
Polr3g
. ) Nfatc4, Lilrb3, Kras, Sos2, Ppp3cc, Ikbkg,
B cell receptor signaling pathway 7 . 0.0058
Pik3r2
RIG-I-like receptor signaling pathway 6 Tbk1, Ifnbl, Ddx58, Irf3, Traf6, Ikbkg 0.0121
Klra7, Sos2, Ppp3cc, Pik3r2, Nfatc4, Ifnbl,
Natural killer cell mediated cytotoxicity 8 0.0153
Kras, Itgal
Cntfr, Ifnb1, 112ra, Sos2, Epo, 1112rb2, 1121r,
Jak-STAT signaling pathway 9 . 0.0159
Pik3r2, 1122ral
Pla2g3, Kras, Pla2g2c, Sos2, Pla2gl2a,
Fc epsilon RI signaling pathway 6 . 0.0186
Pik3r2
Cer3, Xerl, Sos2, Pik3r2, Pard3, Kras, Rhoa,
Chemokine signaling pathway 9 0.0362
Ikbkg, Gng12
Toll-like receptor signaling pathway 5 Tbk1, Ifnb1, Ifnbl, Traf6, Ikbkg, Pik3r2 0.0401
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Supplementary table 8. List of differentially expressed miRNA clusters in LLC
cells grown under Ir-ECM 3D cell culture conditions as compared to 2D.

MiRNA Location Fold change P-value
miR-297b-5p chr2 -2.1 0.0348
miR-466b-3p chr2 20.4 0.0026
miR-466b-5p chr2 -2.6 0.0116
miR-466¢-5p chr2 54 0.0129
miR-466d-3p chr2 28.1 0.0022
miR-466f-3p chr2 216.5 4.9e-4

miR-466g chr2 183.3 8.8¢e-4
miR-466h-5p chr2 8.9 0.0181
miR-467b-3p chr2 128.5 9.26e-4
miR-467d-3p chr2 130.8 0.0011
miR-467e-3p chr2 94.7 9.21e-4
miR-699b-5p chr2 5.34 0.0224
miR-34b-3p chr9 7.1 0.0365
miR-34c-3p chr9 4.4 0.0372
miR-376a-3p chrl2 17.3 0.0015
miR-376b-3p chr12 12.2 0.0015
miR-376¢-3p chrl2 217.4 0.0018
miR-376¢-5p chri2 -3.8 0.0184
miR-459-3p chrl2 -2.3 0.0173
miR-485-3p chr12 30.4 0.0016
miR-544-3p chrl2 -2.2 0.0291
miR-743b-3p chrX -2.0 0.0199
miR-883a-5p chrxX -2.1 0.0474
miR-883b-5p chrX -2.2 0.0348
miR-471-5p chrX -2.2 0.0488
miR-881-3p chrxX -3.3 0.0447
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Supplementary table 9. Validation of microarray data by gPCR. The table shows
fold change of gene expression following exposure to SD and FD irradiation in
DLD1 and HT29 cells cultured under 2D or 3D and microarray analysis.

DLD-1 2 Gy 10 Gy 5x2 Gy
2D gPCR 1.31+£0.09 0.99+0.16 1.21+0.10
CDK1 3D gPCR 1.10+0.12 0.92+0.12 2.37+£0.61
3D microarray 1.27+0.07 1.14+0.04 1.79+0.18
2D gPCR 1.02 £ 0.04 1.05+0.06 0.87 £0.15
RAD51 3D gPCR 1.12+0.13 1.10+0.13 243 +0.17
3D microarray 1.36+0.04 1.51+0.20 1.79+0.04
2D gPCR 1.34+0.14 1.08 £ 0.08 1.83+0.13
THBS1 3D gPCR 1.31+0.13 1.16+0.14 3.29£0.18
3D microarray 0.82+0.04 0.92+0.03 1.86+0.08
2D gPCR 1.25+0.04 1.03+0.11 0.98 £ 0.26
PCNA 3D gPCR 0.95 £ 0.07 0.98£0.10 1.79+0.18
3D microarray 1.23+0.03 1.37+£0.042 2.06x0.31
2D gPCR 0.50+0.20 0.69+0.13 0.97+0.16
1L29 3D gPCR 1.01+0.02 0.77x0.10 0.45+0.15
3D microarray 0.91+0.16 0.97+0.08 1.03x0.07
2D gPCR 0.57+0.15 0.83+0.14 0.91+0.39
IFITM1 3D gPCR 1.08+0.26 1.05£0.13 1.3040.10
3D microarray 0.89+0.24 0.90+0.15 0.92+0.09
2D gPCR 0.89+0.22 0.86+0.08 0.94+0.06
IFIT1 3D gPCR 0.92+0.13 0.80+0.11 0.60+0.14
3D microarray 0.93+0.22 0.77+0.11 0.99+0.15
2D gPCR 0.77+0.30 1.23+0.09 0.99+0.03
OAS2 3D gPCR 1.28+0.29 1.10£0.13 0.49+0.19
3D microarray 1.17+0.17 0.92+0.08 1.12+0.02
HT29 2 Gy 10 Gy 5x2 Gy
2D gPCR 1.17+0.16 0.83+0.13 0.94+0.07
CDK1 3D gPCR 0.99+0.15 0.79+0.1 1.22+0.41
3D microarray 1.28+0.01 1.02+0.02 1.28+0.05
2D gPCR 1.11+0.1 1.04+0.36 1.92+0.07
RAD51 3D gPCR 0.89+0.12 0.99+0.1 1.16+0.31
3D microarray 1.15+0.08 1.37+0.25 1.29+0.10
2D gPCR 1.13+0.13 1.15+0.39 0.79 £0.07
THBS1 3D gPCR 0.76+0.06 0.99+0.08 1.331£0.91
3D microarray 0.77+0.06 0.74+0.06 0.96+0.06
2D gPCR 0.98+0.09 0.97+0.24 0.74+0.14
PCNA 3D gPCR 0.8+0.16 0.94+0.15 0.85+0.46
3D microarray 1.17+0.03 1.27+£0.04 1.24+0.18
2D gPCR 1.23+0.17 1.20+0.27 9.04 £2.77
IL29 3D gPCR 1.01+0.82 0.93+£0.27 6.91+1.05
3D microarray 0.87+0.07 1.06+0.18 2.18+0.44
2D gPCR 1.16 £0.26 0.93+0.33 251164
IFITM1 3D gPCR 0.88£0.76 0.58 £ 0.33 6.19 £ 2.39
3D microarray 0.88+0.30 0.74+0.35 5.58+2.59
2D gPCR 1.01+£0.15 0.84+0.11 1.95+0.30
IFIT1 3D gPCR 0.95+041 0.83+£0.11 4.88 £ 0.05
3D microarray 1.10+0.18 1.14+0.16 4.02+1.08
2D gPCR 1.07 £0.09 0.96 £ 0.27 1.93+0.48
OAS2 3D gPCR 0.69+0.48 0.67 £0.27 5.46 £ 0.84
3D microarray 0.99+0.21 0.73+0.17 2.87£0.53
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