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Abstract

Metastasis is a multistep process, by which cancer cells dissociate from the initial
site and travel to form new secondary tumours at distant sites. This process has
been reported to require epithelial-mesenchymal transition (EMT), by which the
epithelial cancer cells convert to a mesenchymal form, associated with increasing
levels of vimentin and decrease in E-cadherin markers. Cancer metastasis is also
associated with aberrations in cells’ glycosylation such as Tn antigen which can
be detected by Helix pomatia agglutinin (HPA) lectin extract from Helix pomatia

snails.

Radiotherapy could have an effect on cancer metastasis; by stimulating
regulation signalling including ROS, TGF-B, E-cadherin and vimentin. This
signalling can promote cancer cells to change from the epithelial to mesenchymal
form. The cells behaviour could be mediated by the production of extracellular
vesicles/exosomes from irradiated cells, which may have an impact on
unirradiated cells. To date, the role of direct and bystander effect of ionising
irradiation on the cancer cells glycosylation, EMT markers and invasiveness has

not yet been investigated.

Therefore, a study has been established to determine the direct effect, and if the
progeny of cancer cells that survive a therapeutic dose of X-radiation show
differences in aberrant glycosylation associated with metastasis, EMT markers
and their ability to invade compared to unirradiated cells. The study also aims to
investigate the bystander effect of extracellular vesicle/exosomes in the invasion
of breast cancer cells. The molecular mechanisms that could be involved in the
invasion of breast cancer cells following irradiation or exosome transfer were also

investigated.

In this study, both cells directly exposed to a therapeutic dose of ionising
radiation and unirradiated recipient cells treated with exosomes from irradiated
cells showed an increase in vimentin immunopositivity, HPA positivity, a decrease
in the E-cadherin immunopositivity and a significant increase in the invasive
capacity of the cells. The study also showed that breast cancer cells treated with
a single dose of ionising irradiation induce invasion of breast cancer cells in vitro.

The findings were further confirmed using gPCR and western blot for examination



of selected genes and proteins that have an effect on the invasion of cancer cells
following direct ionising irradiation or bystander effect of exosomes and may have
an impact on cancer metastasis. The study also showed that exosomes isolated
from irradiated cells carried a high quantity of TGF-f protein and specific miRNA
which have an impact on the invasion of cancer cells. This study concludes that
single therapeutic dose of ionising irradiation induces invasion of cancer cell in
vitro. In addition, exosomes and its compounds that were isolated from irradiated
cell condition media can promote invasion of breast cancer cells, and that could

have an implication on cancer therapy in the future.
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Chapter 1: Introduction

1. Introduction
Breast cancer is a common type of cancer in women worldwide (Gangopadhyay

et al., 2013). Based on the histological category, breast cancer can be classified
into luminal and basal subtypes, represented by cell lines MCF-7 and MDA-MB-
231 respectively. Breast cancer can also be classified into luminal A and luminal
B. A Luminal A, which is characterised by lower levels of proliferation-related
genes and higher levels of oestrogen receptor (ER). Meanwhile, a luminal B
subtype, characterised by higher levels of a proliferative index and human
epidermal growth factor receptor 2 (HER2) gene expression (Yersal and Barutca,
2014). ER, progesterone receptor (PR) and (HER2) have also been used to
subdivide basal breast cancer cells into two types, triple-negative breast cancer
(TNBC) cells (lacking of ER, PR and HERZ2 receptors) and non-TNBC cells (List
et al., 2014; Graudenzi et al., 2017).

There is also another classification category based on the stage of the cancer
cell, stages 0 to IV. Stage 0 is a small and localised tumour, in which cells are
unable to invade and metastasise to other parts of the body. Meanwhile, a
tumour in stage IV is malignant and metastasised (Vuong et al., 2014). Much
evidence has shown that a small population of cells in the tumour bulk is
responsible for cancer initiation, resistance to radiotherapy, metastasis and
recurrence (Wang et al., 2013a; Gangopadhyay et al., 2013; Krause et al., 2017).
These cells exhibit cancer stem cell characteristics (Al-Haijj et al., 2003; Li et al.,
2007; Zhu et al., 2012).

1.1 Cancer metastasis
Metastasis is a complex and multistep process in which cancer cells dissociate

from a primary tumour and transfer through the lymph or bloodstream to make a
new secondary cancer growth in distant site (Cappello, Barresi and Martorana,
2000; Kozlowski, Kozlowska and Kocki, 2015; Wright et al., 2017), as shown in
Figure 1.1.
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Figure 1.1 A schematic diagram showing stages of cancer cell metastasis

The complexity of metastasis includes angiogenesis, epithelial mesenchymal
transition (EMT), dissociation from cancer mass, adhesion and invasion of the
basement membrane and extracellular matrix, migration frequently through blood
and lymph vessels, adhesion to the endothelial layer of vessels, seeding the
metastasis cells in the new organ and proliferation of cancer cells to form
secondary cancer (Barnhill and Lugassy, 2004). The work described in this thesis
focusses particularly on invasion and EMT, and they are described in detail in
Sections 1.2 and 1.3. It also investigates the relationship between ionising

radiation, EMT, glycosylation and invasion of cancer cells.
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1.1.1 Angiogenesis and hypoxia
Oxygen and nutrition are delivered to cancer cells by diffusion when the tumour

size is less than 2 mm. Otherwise, cells will be in a hypoxic environment
(Gimbrone et al., 1972). A tumour under hypoxic conditions can induce
vasculogenesis factors; platelet-derived growth factor (PDGF), and vesicular
endothelial growth factor | and Il (VEGF-I, and VEGF-II) and VEGF-R1, VEGF-
R2, Ang-1, and Ang-2 (Berger and Lavie, 2011). Therefore, new blood vessels
are generated and pass through the cancer mass (Reviewed by Muz et al.,
2015).

1.1.2 Dissociation and invasion of cancer cells to the surrounding tissues
It has been reported that cancer cells in a hypoxic environment can exhibit EMT

characteristics (Kidd, Shumaker and Ridge, 2014), including downregulation in
epithelial markers such as E-cadherin and overexpression of mesenchymal
markers, vimentin and N-cadherin (Zhang et al., 2018). The decrease in the
expression of E-cadherin causes a reduction in cell-cell attachment, as well as a
loss of the polarity of the cells (Zheng et al., 2009). Moreover, an increase in the
vimentin cytoskeleton promotes cells to change from epithelial to mesenchymal
shape. These changes can help cells to dissociate from the original cancer mass
and move (Mendez, Kojima and Goldman, 2010). However, cancer cells need to
develop other mechanisms, including the production of enzymes and
transcription factors which can help cancer cells to break down the basement
membrane and extracellular matrix. Consequently, cancer cells invade and enter
the lymphatic and blood vessels preparing to invade and metastasise as

described in more detail below in Section 1.2.

1.1.3 Adhesion of cancer cells to the endothelial cells
Once cancer cells reach the blood vessels in the target organ, specific

interactions can develop between the cancer cells and the endothelial cells.
During this interaction, it is believed that cancer cells employ molecular
mechanisms similar to those used in leukocyte adhesion and extravasation in the
inflammatory response (Barthel et al.,, 2007). In the paradigm of leukocyte
adhesion and extravasation, Sanchez-Madrid and Barreiro (2009) have reported
that rolling of leukocytes on the endothelial cells mediated selectin-carbohydrate

interaction. This step is followed by activation of integrin, consequently mediating
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firm adhesion between leukocytes and endothelial cells. Once leucocytes adhere
firmly to the endothelial cells, they begin to extravasate by the aid of vimentin and
actin intermediate filaments protein by forming pseudopodia (Sanchez-Madrid
and Barreiro, 2009).

1.1.4 Seeding of cancer cells in a new environment
Hence cancer cells have extravasated and seeded in the target organ; they then

start to change the microenvironment and interact with other cells such as
fibroblast cells to block the maturation and function of professional antigen-
presenting cells (APCs). Consequently, cancer cells evade the immune system
by being protected from NK cells (Rodriguez, Zea and Ochoa, 2003; Amo et al.,
2014). It has also been reported that the same signalling involved in the
maintenance and development of primary cancer can keep up the growth,
proliferation and differentiation of secondary cancer (Hanahan and Weinberg,
2011).

1.2 Invasion of cancer cells into the cell membrane and extracellular
matrix
As described above in Section 1.1.2, the dissociation, invasion and migration of

cancer cells represent the key steps of cancer metastasis. The dissemination of
cancer cells from the cancer mass requires loss- of cell-cell attachment, that can
be regulated by abrogation of catenin and E-cadherin in the membranes of the
cancer cells (Baum, Settleman and Quinlan, 2008). It has been reported that
alteration in catenin expression in a primary tumour influences the loss of cell-cell
adhesion and induces migration and envision of A-498 and GRC1 kidney cancer
cells (Yang et al., 2017). Moreover, downregulation of E-cadherin has also been
reported to be associated with cancer metastasis. In this instance, Petrova,
Schecterson and Gumbiner (2016) demonstrated that the metastasis of 4T1-hE
human mammary cancer cells to the lungs of mice was influenced by reduced E-
cadherin adhesive function. Therefore, loss or downregulation of E-cadherin

promotes cells to be more motile and move.

Sahai (2005) and Stichel et al. (2017) have highlighted the most common
mechanisms that explain the motility of cancer cells. These mechanisms include
a cluster of cancer cell migration, a sheath of cells motility and mesenchymal-like

cells motility. These mechanisms need to be regulated by growth factors, such as
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transforming growth factor-B (TGF-f), matrix metalloproteinases (MMPs) and
urokinase-type plasminogen activator (UPA) and uPA receptor. Consequently,
these regulate the various physiological activities of cancer cells such as EMT,
adhesion of cancer cells to the basement membrane (BM), and degradation of
BM and extracellular matrix (ECM) by proteolytic enzymes (reviewed by Brooks
et al., 2010). Breakdown of BM and ECM can facilitate migration and invasion of
cancer cells. The invasion and migration of cancer cells through the BM and ECM
until they reach the blood or lymph vessels can be directed by active and passive
mechanisms (Bockhorn, Jain and Munn, 2007; Hamill, Paller and Jones, 2010).
In the active form of invasion and migration, cancer cells can utilise elements of
the cytoskeleton such as laminin and vimentin to produce pseudopodia/
lamellipodia, and direct cells toward the endothelial cells of capillaries (Hamill,
Paller and Jones, 2010). In the passive mechanism, cancer cells can enter the
blood vessels as a result of damaging of capillaries, due to the pressures of
unusual growth of cancer cells which produce mechanical damage (Bockhorn,
Jain and Munn, 2007).

It has been demonstrated that the crosstalk between cancer cells, ECM and the
adjacent normal cells/ tissues can contribute to the development of cancer in the
microenvironment (Van Slambrouck et al., 2009). Activation of TGF-  and MMP
in the cancer microenviroment can promote cancer cell motility and invasion
(Reviewed by Brooks et al., 2010). The adhesion and invasion of cancer cells to
the BM and ECM can maintain a microenvironment where cancer cells can
destroy the BM and ECM and move. During the invasion, cancer cells have to
attach primarily to the integrin family of adhesion receptors and create integrin—

integrin adhesion (Van Slambrouck et al., 2009).

The integrin protein is mainly composed of 18 a and 8 B subunits. Both a and 3
subunits are composed of several domains with flexible links between them.
Each subunit has a binding site, spin helix (calf) and a structured short
cytoplasmic tail. The B subunit constitutes of Bl domain, hybrid and plexin-
semaphorin-integrin (SPI), laminin-epidermal growth factor (EGF), Bl tail and
cytoplasmic N-terminal domain (Campbell and Humphries, 2011), as illustrated in
Figure 1.2.
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Figure 1.2 A schematic structure of an integrin

Meng et al. (2010) studied the interaction between Matrigel component and the
integrin. Matrigel is a semisolid collagenous substance extracted from
Engelbreth-Holm-Swarm mouse sarcoma, which is composed mainly of laminin,
collagen 1V, heparan sulphate proteoglycans and entactin (Hughes, Postovit and
Lajoie, 2010). Integrins can interact with the ECM and EM components by
interacting with collagen 1V, laminin and actin. However, cells can utilise the
integrin receptors that are located outside the cell membrane to adhere to the
Matrigel component in vitro. For instance, Meng et al. (2010) demonstrated that
various types of integrin were found in H1 human embryonic stem cells (hEs).
Using an antibody blocking assay, they showed that only asB4, as, B1 and a,Bs3
integrin subunits have a significant role in the adhesion of H1 cells to Matrigel.
They also showed that the AG-10 peptide (a domain derived from COOH-
terminal of laminin111 a4 chain) promoted adhesion of hEs to Matrigel.
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Much evidence suggests that integrin 1 is highly expressed in invasive cancer
cells, including TNBC cells (Feldman et al., 1991; Lee et al., 2011; Czarnomysy
et al., 2017). It has also been reported that integrin 1 expression was elevated in
metastatic cancer cells. For example, integrin B1 was highly expressed in TNBC
cells and was associated with the invasion and migration of MDA-MB-231 and
HS578T breast cancer cells (Yin et al., 2016). They compare the expression of
integrin B1 in three TNBCs, MDA-MB-231, HS578T, and MDA-MB-468 to that the
M10 normal mammary epithelial cell line. They showed a high expression of
integrin 1 in MDA-MB-231, HS578T compared to M10 cells. Knockdown of the
integrin B1 reduced the invasion of MDA-MB-231 and HS578T to Matrigel (Yin et
al., 2016). The other evidence supported the role of integrin 1 in the adhesion
and invasion of cancer cells was observed by Czarnomysy et al. (2017). They
showed that MDA-MB-231 breast cancer cells treated with cisplatin and
echistatin (types of cancer chemotherapy drugs) induced apoptosis, and this was
associated with downregulation of integrin B1 and decreased collagen

biosynthesis.

Moreover, the correlation between the sialylation of integrin 31 receptor and ECM
collagen have been explored by Lin et al. (2002). They reported that treating
MDA-MB-435 breast cancer cells with ST6GalNAc-I cDNA, promoted adhesion of
the cells to collagen IV. ST6GalNAc-I as described in Section 1.5.9, mediated
synthesis of sTn antigen in the integrin 31 receptor. Therefore, sTn antigen could
play a crucial role in the adhesion of cancer cells to the ECM in vitro and in vivo
Lin et al. (2002).

1.3 Epithelial-mesenchymal transition
As described previously in section 1.1.2, adhesion and invasion of cancer cells to

the EM and ECM is associated with a change in the shape of cells from epithelial
to mesenchymal. Therefore, the role of EMT in cancer cell metastasis will be
described in this section. EMT is frequently associated with the loss of apical-
basal polarisation, which can enhance the ability of cells to migrate from the initial
site (Hanahan and Weinberg, 2011). This process can be distinguished in three
biological contexts: embryogenesis, wound healing and cancer metastasis
(Kalluri and Weinberg, 2009).
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In the context of cancer progression and metastasis, EMT plays a crucial role in
the metastatic cascade, which can involve the enhancing of mesenchymal cell
properties that increase the resistance of cells to apoptosis, reduce cell-cell
interactions and enhance migration and invasiveness (Kondaveeti, Guttilla Reed
and White, 2015). Moreover, genetic and epigenetic factors are associated with
the EMT process; these include transcriptional factors, mMRNA, miRNA, and post-
transitional modification, such as O-linked glycosylation, N-linked glycosylation

and methylation (Lange et al., 2014).

1.3.1 The role of E-cadherin in the EMT and cancer metastasis
E-cadherin is a cell membrane adhesion protein which is responsible for keeping

up the normal structure of epithelial tissues by maintaining the polarity of
epithelial cells and increasing cell-cell adhesion (Tiwari et al., 2012). Conversely,
a decrease in expression of E-cadherin can cause a disturbance in tissue
organisation. Interestingly, blocking E-cadherin in mammalian cells encourages
EMT through remodelling cell-cell contacts (Zhu, Leber and Andrews, 2001).
Moreover, low levels of E-cadherin have been observed in many types of
tumours with high rates of metastasis. (Baum, Settleman and Quinlan, 2008).
Several genetic and epigenetic factors can contribute to E-cadherin dysfunction
in metastatic cancer such as helix-loop-helix transcriptional factors (Twist and
E12/E47) and zinc finger factors including, Snail family transcriptional repressor 1
and 2 (SNAIL1 and SNAIL2) also known as SLUG. These factors are also
regulated by EMT inducer factors, such as transforming growth factor-beta
receptor 1 TGF-BR1, ER1 and 2 ER2 which are also able to inhibit expression of
E-cadherin (Huber, Kraut and Beug, 2005; Zhao, Wu and Zhou, 2011). On the
other hand, over-expression of the SNAIL1 gene can induce mesenchymal
markers such as N-cadherin and vimentin, which have important roles in the
metastatic behaviour of cancer cells (Baum, Settleman and Quinlan, 2008;
Chaffer, Thompson and Williams, 2007; Warzecha and Carstens, 2012).

1.3.2 The role of vimentin in the EMT and cancer metastasis
Vimentin is a type lll intermediate filament, which plays an essential role in

maintaining cell architecture. It has been reported that vimentin can be produced
by mesenchymal cells in normal conditions. Nevertheless, it can also be

produced under pathological conditions (Brzozowa et al., 2015; Vuoriluoto et al.,
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2011). Moreover; vimentin also contributes to the promotion of hypoxia-inducible
factor-1 (HIF1), which play a critical role in tumour formation through its
involvement in angiogenesis (Kidd, Shumaker and Ridge, 2014). The
accumulative literature reports that overexpression of vimentin is associated with
various aggressive tumour types, including in breast cancer, colon cancer,
malignant melanoma and central nervous system tumours (Tezcan and Gunduz,
2014; Zhu et al., 2011a). Down-regulation of vimentin can inhibit cell motility and
invasion of MCF-7 and MDA-MB-231 breast cancer cells (Ogunbolude et al.,
2017).

Furthermore, immunohistochemistry shows that the level of vimentin was
elevated in high stage breast carcinomas (Vuoriluoto et al., 2011). Vimentin can
be down-regulated by inhibiting expression of genes linked with breast cancer
motility and invasions such as the AXL receptor tyrosine kinase AXL (Asiedu et
al., 2014), plasminogen activator urokinase PLAU, and integrin subunit beta 4
ITGB4 (Kawakami et al., 2015; Stewart et al., 2016). In addition, vimentin can be
upregulated by the SLUG transcription factor, consequently inducing migration of
MDA-MB-231 breast cancer cells (Vuoriluoto et al., 2011).

1.3.3 Role of transcription factors in EMT and cancer metastasis
TGF-B is one of the most abundant cytokines secreted by tumour and stromal

cells in the microenvironment of cancer. It controls various factors contributing to
the invasion and metastasis of cancer cells (Massague, 2008; Chen et al., 2018).
The contradictory fact about TGF-B as a promoter or inhibitor of cancer
progression has been the subject of intensive studies. For example, TGF-f3 from
an inflammatory microenvironment can inhibit proliferation of KSC mice
pancreatic cancer cells by targeting Snail and Sox4 transcription factors and
inducing apoptosis (David et al., 2016). However, TGF-B can promote

angiogenesis, EMT and metastasis of lung cancer (Yu et al., 2015).

Despite extensive studies into the role of TGF-3 in EMT and cancer metastasis,
the relationship between glycosylation, EMT and TGF-f3, explored in this thesis
has not previously been studied. TGF-B can control the expression of vimentin
and E-cadherin associated with EMT and invasion of cancer cells (Yen et al.,

2017). The expression and activation of TGF-B can be controlled by extrinsic
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factors such as ionising radiation (IR), and be described in Section1.6.1.i. The
expression of TGF- can also be controlled by the intrinsic factors such as P38
mitogen-activated protein kinases (P38MAPK), extracellular signal-regulated
kinase (ERK), and c-Jun N-terminal kinase (JNK), transcription factors (Xiao et
al., 2008). It has also been reported that, in addition to the role of TGF-$ in EMT,
it can induce cancer stem cell (CSC) characteristics in TGF-B treated MCF-7
cells’ (Pirozzi et al., 2011).

SLUG, SNAIL and ZEB are other transcription factors which contribute to the
progression of cancer by promoting invasion and metastasis of cancer cells.
These transcription factors also can contribute to inhibition p53 and apoptosis
pathway and induce cancer stem cell-like characteristic of A4 ovarian cancer cell
line (Kurrey et al., 2009). SLUG and SNAIL have a role in the metastasis of
cancer cells by inhibition of E-cadherin, causing an increase in dissociation and
movement of breast cancer cells (Storci et al., 2010). ZEB transcription factor
was reported to have a role in metastasis of cervical carcinoma, and that was
associated with negative regulation of E-cadherin and an increase in the
expression of N-cadherin (Ma et al., 2015). An increase in ZEB2 expression was
reported associated with an increase in the invasion and metastatic of gastric
cancer cells to the lymph node (Dai et al., 2012). Matrix metalloproteinase (MMP)
transcription factor was documented to contribute to the regulation of EMT,
migration and invasion of nasopharyngeal cancer (Yan et al., 2015). MMP can
mediate cancer metastasis via degradation of the basement membrane and
extracellular matrix and induction of cancer cells migration and invasion (Nguyen
et al., 2016).

TWIST transcription factor also has a role in EMT and cancer invasion and
metastasis. It has been reported that TWIST1 expression correlated with cancer
lymph node metastasis, and that was associated with an increase in vimentin and
a decrease in E-cadherin expression (Lv et al., 2016). Moreover, TWIST can
promote methylation in colorectal cancer by controlling in the expression of E-
cadherin and induce EMT and cancer invasion and metastasis (Galvan et al.,
2015). Furthermore, overexpression of TWIST was associated with increased

CD44 and decrease CD24 expression in breast cancer stem cells and that also
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associated with EMT and an increase in breast cancer cells invasion (Vesuna et
al., 2009).

1.3.4 Role of miRNA in EMT and cancer metastasis
miRNA is short single strand noncoding RNA between 21-25 nucleotide located

in the 3 prime UTR region of the gene which produces hairpin shape precursors,
and act as activators or inhibitor of the target gene or protein (Zaravinos et al.,
2012). The mechanisms of miRNA synthesis can be described as the following.
The sequence of DNA in 3 prime at the beginning of the gene is transcript to
produce pri-miRNA. This pri-miRNA is processed in the nucleus by a class 2
RNA enzyme (Drosha). The precursors of miRNA are transported to the
cytoplasm by the aid of exportin-5. miRNA precursors where they undergo further
processing by Dicer, an RNase lllI-type protein enzyme to produce mature
miRNA. The mature miRNA is loaded into Argonaute protein to produce an active
form of miRNA for silencing gene (Wahid et al., 2010).

In animal cells, miRNA can play a crucial role in the function of the gene by
targeted degradation of the synthetic mMRNA (Xuan et al., 2015). In cancer cells,
miRNA can target genes and proteins associated with EMT and invasion. For
example, downregulation of Let-7a miRNA was associated with high metastasis
in nasopharyngeal carcinoma (Wu et al., 2015). On the other hand, a high level of
miRNA Let-7a can inhibit the migration invasion and metastasis of human colon
cancer by targeting Rhotekin protein (Li et al., 2016a). miR-30a can target cyclin
E3 expression and inhibit migration and invasion of prostate cancer (Zhang et al.,
2016). miR-30a also can target TGF-B and suppressing EMT and invasion of
HMrSV5 a human peritoneal mesothelial cell line (Zhou et al., 2013). It has been
reported that miR-200a has a crucial role in cancer metastasis by downregulation
of ZEB transcription factor, vimentin and N-cadherin and an increase in the
expression of E-cadherin in PANC-1human pancreatic adenocarcinoma cell (Lu
et al., 2014). Conversely, miR-9a can induce EMT and cancer cells migration and
invasion via targeting SOX7. MiR-9a upregulated by TGF-B-1 and that was
associated with an increase in the invasion of non-small-cell lung cancer
(NSCLC) cells (Han et al., 2017).
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1.4. Cancer stem cells
CSCs are a small population of cells within the cancer mass, which have the

ability of self-renewal and can proliferate to initiate a tumour. A mutation in the
normal stem and progenitor cells and other microenvironment and
macroenvironment factors such as IR can induce the onset of CSCs
development. These cells can generate new pro-genitor CSC leading to initiating

the bulk of cancer cells (Cabrera, Hollingsworth and Hurt, 2015).

CSC can be identified by using cell surface markers, miRNA and the expression
of transcription factors (Kurth et al., 2015). CSCs exhibit specific surface markers,
such as CD24, CD34, CD38, CD44, CD90, CD133 and aldehyde dehydrogenase
-1 (ALDH-1). These markers have been used to distinguish CSCs from other cell
types, and also from other cancer cells (Al-Hajj et al., 2003; Li et al., 2007; Zhu et
al., 2012). For example, human pancreatic CSCs are CD44'/CD24" (Zhu et al.,
2012), meanwhile breast CSCs are CD44%/CD24 (Al-Haijj et al., 2003).

Transcription factors including TGF-B, Wnt, Notch, Sox2, Oct4, platelet-derived
growth factor receptor (PDGFR) and Janus kinase/signal transducers and
activators of transcription (JAK/STAT) all play a crucial role in maintaining the
self-renewal of stem cells. These factors and their signalling pathways have
usually been used as cancer stem cell markers (Lee et al., 2017). miRNAs,
including miR34a, miR-200 family and Let-7, can be considered as other factors
that contribute to the stemness of CSCs (Li et al., 2012; Takahashi, Miyazaki and
Ochiya, 2014).

CSCs activity can be regulated by intrinsic and extrinsic factors including
miRNAs, histone modification, DNA methylation, microenvironment and immune
signalling (Munoz, lliou and Esteller, 2012). miRNAs can play a central role in the
characterisation of CSCs. For example, Boo et al. (2017) have used next-
generation sequencing of miRNA to quantify the expression of miRNA in
spheroids of MDA-MB-231 and MCF-7 breast cancer cells. They found that
miR15b, miR-34a, miR-148a, miR-628 and miR-196b from the total miRNA
profile were expressed in spheroid of both cell lines. These results highlight the
involvement of these miRNA in preserving CSC characteristics. Unique miRNAs -
miR-181, miR-204 and miR-205- have been found in MDA-MB-231 basal-like
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breast cancer cells spheroids. Meanwhile, -miR-30c, miR-125 and miR-760- have

been found only in MCF-7 luminal-like breast cancer spheroids (Boo et al., 2017).

miRNAs have been reported to play an essential role in CSCs tumourigenicity
and metastasis (Takebe et al.,, 2011). miRNAs can target genes that regulate
EMT, migration, invasion and metastasis of CSCs. Accordingly, miRNAs can
positively and negatively control tumour development and metastasis (Zhou et
al., 2015).

Transcription factors that regulate EMT have also been shown to play a crucial
role in the stemness, invasion and metastasis of cancer cells. Cancer cells
undergoing EMT which produce transcription factors, such as snail, ZEB and
Twist, can also exhibit CSC characteristics (Wellner et al., 2009; Casas et al.,
2011; Hahn et al., 2013). In addition to its role in EMT, Snail can induce CSC
phenotypic properties in colorectal carcinoma cells (Hwang et al., 2011). It can
promote stemness, self-renewal, tumourigenicity and radio-resistance, with a
potential increase in the invasiveness and metastasis of cancer cells. ZIB
transcription factor has also been implicated in the stemness and invasion of
colorectal cancer. ZEB can inhibit the expression of several miRNAs, including
miR-183, miR-200c and miR-203. These miRNAs repress expression of CSC-
inducing factors (Sox2 and KIf4). Inhibition of expression of ZEB notably does not
only associate with a decrease in the invasion nonetheless also inhibits the

stemness and self-renewal of CSCs (Wellner et al., 2009).

Moreover, Twist is known to have a role in the EMT of stem cell-like cells (stem
cell progenitor cells), by directing the expression of CD24 in breast cancer cells
(Vesuna et al., 2009). Vesuna et al. (2009) have generated and used two cell
lines, MCF10/Twist and MCF-7/Twist as a model; they also used parent cell lines
MCF-10, MCF-7 and MDA-MB-231. They have demonstrated that the MCF-10,
MCF-7 cells do not exhibit CD44*/CD24  expression. Conversely, MCF10/Twist
and MCF-7/Twist can show a low level of CD44*/CD24". In addition, they have
stated that MDA-MB-231 cells demonstrate a high percentage of CD44%/CD24
cells compared to MCF10/Twist and MCF-7/Twist. Moreover, the study above

reported that knockdown of Twist expression in the three experimental cell lines
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MCF-10/Twist, MCF-7/Twist and MDA-MB-231 can decrease the percentage of
CD44%/CD24  cells in comparison to the parental cells (Vesuna et al., 2009).

It has been reported that treating lung and breast cancer cells with TGF- does
not only induce transcription factors association with EMT, but also can promote
CSC markers, including Sox2, Oct4 and Kif4 in LC31 primary lung cancer cell line
(Pirozzi et al., 2011) and CD44*/CD24 in MCF-7 breast cancer (Park et al.,
2016).

1.4.1 Cancer stem cell markers
As described in the previous section, many markers are associated with CSCs.

However, the most popular and well-known markers are CD44 and CD24 (Al-Hajj
et al., 2003). Therefore, these two markers have been selected for the study

presented in this thesis and are described below.

1.4.1.i CD44
CD44 is a cell surface transmembrane glycoprotein, which can interact with

extracellular ligands causing adhesion, invasion and metastasis of cancer cells. It
is a universal marker that has been identified to isolate cancer stem cells. It can
be utilised alone to identify cancer stem cells or in combination with other
markers such as CD24 (Yan, Zuo and Wei, 2015). CD44 can mediate the
hyaluronan-adhesion (HA) dependent pathway (Legras et al., 1997; Zoller, 2015;
Lee-Sayer et al., 2018). Catterall, Jones and Turner (1999) examined four human
ovarian cancer cell lines which differ in the CD44 content and glycosylation. They
found that adhesion of these cells is frequently associated with high-profile of
CD44 and high concentration of HA (Catterall, Jones and Turner, 1999).
Moreover, high amounts of modified T antigen on CD44 is also observed in
prostate cancer-initiating cells (Li et al., 2017a) and breast cancer stem cells
(Phillips, McBride and Pajonk, 2006).

1.4.1.ii CD24
CD24 is a cell surface glycoprotein linked to glycosylphosphatidylinositol, and it

was first discovered in mice as a heat-stable antigen (Fang et al., 2010; Shi et al.,
2012). CD24 is mainly expressed in B lymphocyte cells in humans. However,
CD24 has also been found as a ligand for P-selectin on endothelial cells (Zheng

et al., 2011). Moreover, CD24 can promote cancer cell proliferation and adhesion
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to laminin, collagen and fibronectin (Yeung et al., 2010; Muraro et al., 2012).
CD24 has also been found highly expressed in aggressive tumours such as
ovarian and colorectal cancer in stage three and four compared to those in stage
one and two (Kim et al., 2009; Nakamura et al., 2017). High levels of CD24 are
frequently associated with an increase in the migration, invasion, and metastasis
of MCF-7 breast cancer cells (Jing et al., 2018). CD24 has also been found at a
high level in breast cancer clinical specimens compared to normal tissues (Jing et
al., 2018). In contrast, a low level of CD24 expression has been documented in
breast cancer stem cells (Bensimon et al., 2013). CD24 was identified as a
cancer stem cell marker in colorectal and ovarian cancer (Nosrati et al., 2016;
Zhou et al., 2018).

CD24 is a glycoprotein which can be induced by TGF-B. Therefore, the
glycosylation of CD24 could play an important role in cancer metastasis. For
example, TGF-B-mediated CD24 can increase EMT markers in human CRC
colorectal cell line (Okano et al., 2014). Thus, CD44 and CD24 can play an

essential role in CSCs identification and EMT regulation.

1.5 Glycosylation
Glycosylation is a conventional process in mammalian cells that modifies proteins

in the endoplasmic reticulum and Golgi apparatus (Patrie, Roth and Kohler, 2013;
Almeida and Kolarich, 2016). The mechanisms of glycan processing and
secretion have been well reported. Glycosylation is a post-translational alteration
of the protein (Boscher, Dennis and Nabi, 2011; Varelas, Bouchie and
Kukuruzinska, 2014; Oliveira-Ferrer, Legler and Milde-Langosch, 2017).
Glycosylation has an essential role in the physiological and developmental
process of organisms (Ungar, 2009; Sprovieri and Martino, 2018). However, in
most cases, the exact functions of cellular glycans are still incompletely

understood.

Glycosylation can be divided into two types, either N-linked glycosylation when
the sugar is linked to an asparagine residue, or O-linked glycosylation when the
sugar is attached to a serine or threonine of the polypeptide chain (Patrie, Roth
and Kohler, 2013).
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1.5.1 N-Linked glycosylation
N-linked glycosylation is a process initiated in the endoplasmic reticulum by

which the glycan is linked to the amine group of the asparagine (Asp.) residue of
a protein (Park et al., 2015). N-glycosylation is one of the most important post-
translational modifications of protein which is involved in protein folding,
trafficking, targeting and secretion (Stanley and Okajima, 2010). N-glycosylation
plays a critical role in cellular functions including cell-cell communication, cell
survival, cellular immune responses and proliferation (Varki et al., 2008).
Dysregulation of N-glycosylation is reported to be associated with pathologies,
including cancer (Varki, Kannagi and Toole, 2009). Cancer development and
progression are related to dramatic changes in cell polarisation, integrity and
cytoskeleton rearrangement (Beavon, 2000) that are associated with
glycosylation aberrations, including that of N-glycosylation (Chugh et al., 2016).
Glycosylation of cell surface proteins is mediated by a set of
glycosyltransferases. The activity of transferases can be altered in cancer
compared to the normal cells. For example, an increase in the GIcNAc
transferase V expression in cancer cells causes an increase in the amount of
polylactosamine chains on the cell surface proteins. Which can increase the
branching and elongation of N-glycans, particularly 1, 6 branchings (Demetriou
et al., 1995). Increased B 1, 6 branchings can be detected by PHA-L lectin
binding (Dennis, Granovsky and Warren, 1999a). PHA-L is a lectin extracted from
Phaseolus vulgaris (common bean) and can detect 8 1, 6 branched N-glycans in
breast and colon cancer (Dennis, Granovsky and Warren, 1999b). Increased 31,6
branching and polylactosamine chains have also been reported to be associated

with lymph node metastasis of breast cancer (Handerson et al., 2005).

1.5.2 O-linked glycosylation
O-linked glycosylation occurs when the first monosaccharide (most usually

GalNAc) of the glycan connects to the hydroxyl group of an amino acid residue,
usually serine (Ser) or threonine (Thr) through an O-glycosidic linkage (Brooks et
al., 2008). O-linked glycosylation is initiated in the cis-Golgi apparatus, in which
UDP-GalNAc: polypeptide N-acetylgalactosaminyltransferases (GalNAc-Ts)
catalyse the transfer of GalNAc to a Ser or Thr residue on the protein chain,
resulting in the synthesis of GalINAc-O-Ser/Thr, Tn (Gill et al., 2013). Then Gal,
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GalNAc and GIcNAc, and sialic acid residues will be added to Tn forming four
common core structures (Tran and Ten Hagen, 2013), as shown in Figure 1.3.
The most frequent extension of Tn antigen in the mammals is core 1, or T
antigen. These antigens are catalysed by a 1,3-galactosyltransferase enzyme,
which can add a galactose in a 1,3 —linkage to the GalNAc (Ju et al., 2002). On
the other hand, Tn antigen can be extended by adding GIcNAc in a 31, 3-linkage
through the action of the 1, 3-N-acetylglucosaminyltransferase 6. These two
types of structures (core1 and core 3) can further be extended to form more
complicated core structures (core 2 and core 4). Synthesis of these structures is
catalysed by 1,6-N-acetylglucosaminyltransferases (Tran and Ten Hagen, 2013).
They can also be extended by adding monosaccharides such as GIcNAc,

galactose, fucose and sialic acid (Gill et al., 2013) as shown in Figure 1.3.
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Figure 1.3 A schematic structure of O-Linked glycosylation synthesis

1.5.3 Sialylation

A change in sialylation is one of the most commonly reported alterations in
glycosylation associated with cancer. The amount, type, and distribution of sialic
acids on cell surface glycoproteins can be changed. Increased sialylation is often
reported to be associated with the Thomsen-Friedenreich antigen (Gal/f1,
3GalNAca-O-Ser/Thr) also known as T antigen Tn antigen (GalNAca-O-Ser/Thr),
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sTn or sialylated Lewis family antigens (Dall'Olio and Trere, 1993). The increase
in sialylation may be as a result of the availability of target structures such as
1,6 branching glycans (Dall'Olio and Trere, 1993). The increase in sialylation
has also been reported to be associated with O-linked glycosylation resulting in
increased levels of N-glycolylneuraminic acid (a type of sialic acid) found in MCF-
7, a breast cancer cell line (Devine et al., 2014). It has also been reported that
‘ST6 N-acetylgalactosaminide a2,6-sialyltransferase1 (ST6GALNAC1) was more
highly expressed in colorectal cancer stem cells, and that was associated with

increased in sTn antigen in CD44 cancer stem cells (Ogawa et al., 2017).

Sialic acid is usually involved in the immunogenicity, adhesion and cellular
motility of cancer cells, due to the negative charge of sialic acid, which acts as an
anti-adhesive factor allowing cancer cells to be dissociated from the primary
tumour (Kitajima, Varki and Sato, 2015). Sambucus nigra agglutinin SNA is a
lectin derived from the common elder plant and can be used to detect the change
in sialylation of the glycoprotein. It binds to a -2,6 and a -2,3 linked sialic acid
(Mehta et al., 2016). dos-Santos et al. (2014) have used SNA to detect changes
in the level of sialylation in ductal breast carcinoma, and they found that
sialylation was increased in metastatic cancer compared to non-metastatic

tumours.

1.5.4 Alteration in O-Linked glycosylation and metastasis
Aberration in O-Linked glycosylation represents a key factor in cell-cell interaction

and invasion, which has an impact on cancer cell behaviour and metastasis
(Itkonen and Mills, 2013). O-Linked glycans are usually shorter and more
branched than N-linked glycans (Reviewed by Sears and Wong, 1998). However,
in cancer metastasis, cells have less long and branched glycans than normal
cells (Hauselmann and Borsig, 2014). Alterations in expression of several
glycosyltransferases can result in aberrations in glycosylation. For example, ST6
transferases-1(ST6GalNAc-1) can modify O-linked glycosylation by adding the
sialic acid to the Tn antigen and produce sTn antigen, consequently, inhibiting
further elongation of the glycan (core 4), Figure 1.4. The presence of this
structure has been associated with cancer cell adhesion and metastasis (Sewell
et al., 2006). Silencing of ST6GalNAc-1 can inhibit proliferation and invasion of

gastric carcinoma (Tamura et al., 2016). Moreover, decreased expression of Gal-
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transferases leads to shortening in T antigen, and that was associated with an

increase in the expression of ST3GalNAc 1(Tamura et al., 2016).
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transferases, stop
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Ser/Thr al as normal
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] STGGaINAc-l ) TnAg  glucosaminyltranfereses-6
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Ser/Thr cancer Ser/Thr
ppGalNAc-Ts (19-20 isoform) T T ppGalNAc-Ts (19-20 isoform)

Ser/Thr Ser/Thr

Figure 1.4 A schematic diagram showed the aberration in O-linked glycosylation.

In metastatic cancer, core 1 and 3 are often modified due to a reduction in the
expression of B3N-acetyl glucosaminyl transferases-6 and Gal transferases and
an increase in expression of ST6GalNAc1. These modifications frequently
correlate with increased expression of [1,6-N-acetylglucosaminyltransferases
(C2GnT1) resulting in elongation in O-glycans (reviewed by Hauselmann and
Borsig, 2014). The latter is often associated with an increase in sialyl Lewis®
(sLe®) and sialyl Lewis® (sLe*), which are tetrasaccharide carbohydrates
commonly O-linked to proteins of the cell surface membrane. They can act as
ligands for selectin-binding, enabling adhesion of cancer cells to the endothelium
during metastasis (Pahlsson et al., 1995; Thomas et al., 2004; Chantarasrivong
etal., 2017).

1.5.5 Possible mechanisms contributing to alteration of glycosylation
Fundamentally, over-expression of glycosyltransferases in tumour cells leads to

increased transfer of sugar moieties to protein and synthesis of cell surface
glycan epitopes such as sLe® and sLe”, (reviewed by Hauselmann and Borsig,
2014). Furthermore, hypoxia plays an important role in the up-regulation of
glycosyltransferases related to aberrant glycosylation. For example, the synthesis
of sLeX@ is facilitated by increasing the expression of several glycosyltransferases
such as a1,3/4-fucosyltransferase-7 (FucT7) and a2,3-fucosyltransferases
(Carvalho et al., 2010). It has been reported that incubation of SW480 colon

cancer cells under hypoxic conditions for 7 days can enhance the production of
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sLe*, E-selectin and sLe* promote adhesion of colon cancer (Koike et al., 2004).
An increase in sialylation of cancer cell glycoproteins has been reported to be
associated with poor prognoses and cancer metastasis (Mi et al., 2015; Kovacs
et al., 2016; Chen et al., 2016). Moreover, an increase in 2,6 sialylation is usually
regulated by up-regulation of ST6GalNAc and ST6Gal families in O-Linked and
N-Linked glycosylation, respectively (reviewed by Pinho and Reis, 2015).
Interestingly, down-regulation of the ST6GalNAc1is associated with shortening in
the O-glycan structure of Tor Tn antigens and decrease in sTn epitopes
(Springer, 1995).

1.5.6 Tn antigen
Tn antigen is a small O-glycan, which was first discovered by Dausset, Moullec

and Bernard (1959) in a patient with haemolytic anaemia. Formation of Tn
antigen can be catalysed by a family of glycosyltransferases called UDP-N-
acetyl-a-D-galactosamine:  polypeptide  N-acetylgalactosaminyl-transferases
(GalNAc-Ts) which catalyse the attachment of GalNAc to the polypeptide chain of
a protein (Gill et al., 2013) as shown in Figure 1.5. Tn antigen found at high levels
in primary and cancer metastases (Gill et al., 2013). On the other hand, a low

level of Tn antigen has been found in normal tissues (Springer, 1984).

Gal NAc Ser/Thr

)
(f | \

HO o /\/

H,C HN
\n/ Glycosidic
bond
\ _ )
Tn anttigen

Figure 1.5 A schematic diagram showed the structure of the Tn antigen.

GalNAc glycan linked to the hydroxyl group of Ser/Thr by a glycosidic bond, forming the first
structure in O-glycosylation.
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Evidence showed the Tn antigen has a role in cell-cell adhesion and migration.
Kishikawa et al. (1999) stated that T and Tn antigens have a specific role in the
adhesion of breast cancer cell to the endothelial cells. They labelled ZR75-30
breast cancer cells with fluorescent 2',7'-bis-carboxyethyl-carboxy-
fluoresceintetraacetoxy-methyl ester (BCECF AM) and seeded them onto a
monolayer of HLB100 normal endothelial cells. They showed that the adhesion of

ZR75-30 breast cancer cells was specifically associated with T and Tn antigen.

Conversely, attachment of DU 4475c breast cancer cells to Kupffer cells was
inhibited using T and Tn antigen in a dose-dependent manner (Springer, 1997).
Moreover, an increase in the level of Tn antigen has been reported to be
associated with localisation of laminin in the lamellipodia at the cell surface,
resulting in a decrease in cell-cell adhesion and an increase in motility.
Consequently, induce metastasis of HUH6 and Hs578t human breast cancer and
4T1 mouse mammary tumour cells in xenograft model’ (Gill et al., 2013). Tn
antigen can be detected as the binding of Helix pomatia agglutinin (HPA)
(Fukutomi et al., 1989; Brooks et al., 1993).

1.5.7. Helix pomatia agglutinin (HPA)
Helix pomatia agglutinin (HPA) is a lectin extracted from albumin gland of Helix

pomatia (Roman snail) (Prokop, Uhlenbruck and Kohler, 1968; Dwek et al.,
2001). HPA has an antibacterial function in the Roman snail; it can protect fertile
eggs from bacteria. It has also been reported that agglutinin such as HPA, plays
an essential role in the immunity of invertebrate (Prokop, Uhlenbruck and Kohler,
1968). It is has been reported that binding reported being associated with poor
prognosis and metastasis in breast, colon and other types of cancer (Dwek et al.,
2001). HPA detects glycans terminating an N-acetylgalactosamine (GalNAc),
associated with poor prognosis breast cancer (Brooks and Leathem, 1991;
Rambaruth, Greenwell and Dwek, 2012). HPA binding has also been reported in
highly metastatic HT29 colon cancer cells (Lescar et al., 2007). HPA can also
tolerate exchange the position 3a GalNAc to fGal and binding to the T antigen
(Sanchez et al., 2006). However, the association between aberrant glycosylation
in metastatic cancer cells detected by HPA and radiotherapy has never been
studied.
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1.5.8 Role of glycosylation in cancer metastasis
During metastasis, cells will acquire multiple alterations in exogenous and

endogenous signals that can maintain dissemination and other subsequent
cascades in cancer metastasis, which include EMT as described in section 1.3,
(Banyard and Bielenberg, 2015; Lemieux et al., 2009; Guarino, 2007). Aberration
in the glycosylation of cell surface glycoprotein in cancer cells can activate cell
membranes receptors, which increase cell mobility and enhance cell adhesion

and invasiveness (Fortuna-Costa et al., 2014).

1.5.9 The role of GalNAc T6 and ST6GalNAc | in cancer metastasis
It has been reported that ppGalNAc T6 is overexpressed in malignant breast

tissues (Banford and Timson, 2017). Nevertheless, a high level of ppGalNAc T6
expression has also been observed in breast cancer specimens compared to the
control, normal breast tissue (Patani, Jiang and Mokbel, 2008). A strong
correlation between ppGalNAc T6 and human breast cancer initiation and
development has also been observed, and it is considered an early event in the
cancer-associated aberration of O-linked glycosylation (Berois et al., 2006;
Banford and Timson, 2017). ppGalNAcT6 has been reported to have an
important role in the aberration of mucin-type-1 glycosylation in breast cancer
(Park et al., 2010). It is also observed to have a role in the localisation of
adhesion molecules such as B-catenin and E-cadherin (Park et al., 2010).
Moreover, studies reported that there is an association between ppGalNAcCT6
expression and EMT. For example, Park et al. (2011) stated that transfection of
MCF-10 normal epithelial breast cells with ppGalNAcT6 induced EMT like
changes in the cells. Trahan (2016) demonstrated that ppGalNAcT6 expression
could disrupt the morphology of pancreatic acinar cells, in which the E-cadherin
binding can be switched to P-cadherin binding (Tarhan et al., 2016). Therefore,
ppGalNAcT6 may have an important role in EMT, invasion and metastasis of

cells.

The ST6GalNAc-1 is a sialyl 1 transferase enzyme, which plays a crucial role in
mucin-type O-linked glycan chains where it transfers a sialic acid residue onto the
glycan. ST6GalNAc-1 is frequently involved in the biosynthesis of the sialyl-Tn
antigen sTn, and disialyl-T antigens sT (NeuAc-alpha2-3Gal-beta1-3[NeuAc-
alpha2-6] GalNAc-alpha1-O-Ser/Thr)’ (reviewed by Marcos et al., 2004).
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ST6GalNAc-I inhibits elongation of O-glycans in cancer cells by adding sialic acid
to immature glycans. The former results from a reduction in the expression of
B3Gal T6 and induction of ST3GalNAc and ST6GalNAc-I expression (Tamura et
al., 2016). It has been well reported that the low level of sTn antigen is present in
foetal and normal adult tissues. Conversely, epithelial cancers clinical specimens
displayed high levels of sTn (Hashiguchi et al., 2016). Accordingly, sTn has been
considered as a promising tumour marker, which can be targeted in a therapeutic

study in the future.

1.6 lonising irradiation
IR is high sufficient energy radiation that leads to the release of ions when

passing through a medium, due to the transfer of the electron from a low level to
the high level of energy. These types of radiation are either high linear energy
transfer (LET) radiation, such as a particles (Helium atom nuclei), or low LET,

including X-rays and y-rays (electromagnetic radiation) (Hall et al., 2006).

Human bodies are continuously exposed to IR from natural sources (cosmic
radiation) or human activity such as medical sources. In the last decade, it has
been reported that there has been an increase in the percentage of people
exposed to ionising such as X-ray, gamma-ray and computed tomography scans
(CT scan). Health institutions, airports and scientific centres, can also increase

the risk of cancer formation as sources of IR (reviewed in Azzam et al., 2016).

Several units are used to quantify radiation. Based on the international system of
units (Sl), radiation has been measured in the Gray (Gy), which is the unit of
energy deposed in one Kg of mass, (1Gy = 1Jul/Kg). Whereas, Sievert (Sv) is the
unit measuring the biological effect of absorbent radiation (1Sv = 1Gy) in low LET
radiation. The biological effects of radiation are variable, according to the type of
radiation. For example, the biological damage such as DNA damaged that results
from exposure to 1 Gy a particle are three times more than the damage of being
exposed to 1 Gy X-radiation, in which the dosage is multiplied by a quality factor
(Q). Therefore, another unit, which is called the radiation absorbent dose (REM)
(1 Sv =100 rem) has been considered in order to quantify the biological effect of
irradiation. It can be calculated by multiplying the dose of irradiation by the Q
factor (Wakeford, 2004).
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1.6.1 Biological effect of IR
For 100 years, radiation therapy has focussed on targeting DNA molecules to kill

cancer cells. Single strand breaks (SSBs) and double-strand breaks (DSBs) have
been recognised following IR (Vignard, Mirey and Salles, 2013). However, not
only DNA can be affected by irradiation, but other components in the cell and
tissue can also respond to IR, such as lipids, protein and cellular organelles such
as mitochondria (Leach et al., 2001), cell membranes (Haimovitz-Friedman et al.,

1994) and lysosomes (Persson et al., 2005).

A massive change in the paradigm of radiation biology occurred in the 1990s,
following the observation of biological changes in cells that had not been in the
track of IR, or non-nuclear compartments that were hit by irradiation such as
mitochondria (Kadhim et al., 1992; Nagasawa and Little, 1992; Seymour and
Mothersill, 1992; Wu et al., 1999; Shao et al., 2004).

The biological effects of radiation can be classified into two main categories:
physical change and chemical reactions following irradiation. The initial effect can
be viewed as a physical change in the cells following IR. Through this stage,
radiation can interact with atoms and molecules in the cells, exiting or ionising
them (Hall and Giaccia, 2012). The mechanism of how IR deposits energy and
ionises matter is called Compton scattering, in which a photon is scattered by
charged particles resulting in a reduction in energy and an increase in the
wavelength of the photon (Hall and Giaccia, 2012). In this case, the photon
deposits part of its energy in target electrons of atoms leading to an increase in
the speed of the electron, which may cause extra ionising events. In the second
mechanism, the photoelectric effect, a photon can deposit its entire energy into
an electron in the atom, resulting in an exciting electron in the irradiated atom
which travels from a low level to high level of energy and may be discharged and
cause further ionising events (Hall and Giaccia, 2012). In the case of very high
energy photons, such as ultra-gamma rays, these photons interact with atoms
resulting in high-speed electron and positron; this excited electron can make

further ionising atoms (Hall and Giaccia, 2012).

After the physical effect of IR, a chemical process takes place, where free

radicals are generated and react with neighbouring organelles or substances in
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the cells. These interactions can lead to biological changes in the irradiated or
unirradiated cells or in the progeny cells (which will be described in detail in the

following Sections).

1.6.1. i Morphological effect
Much evidence reported that cells exposed to IR could induce phenotypic

characteristics like EMT (Zhou et al., 2011). IR can contribute to the regulation of
TGF-B expression, thus inducing EMT and cancer metastasis (Dancea, Shareef
and Ahmed, 2009). Andarawewa et al. (2007) reported that the synergetic effect
of IR and TGF- promote EMT in non-malignant human mammary cells MCF-10,
HMT3522 S1 and HMT3522 184v. Other evidence supporting the role of IR in the
change of cell morphology was conducted by Zhou et al. (2011). They
demonstrated that 2 Gy of gamma rays promote a change in the morphology of
seven types of cancer cells, including MCF-7, MDA-MB-231 and PC14 cells.
They also reported that this change was associated with an increase in TGF-f3
expression and invasiveness. Recent evidence showed that 2.3 Gy of IR
promotes migration but not invasive of MDA-MB-231 breast cancer cells (Young
and Bennewith, 2017). It has also been reported that IR and progesterone can
induce cancer stem cells properties in MCF-10 human breast cells (Vares et al.,
2013).

1.6.1.ii Cytoplasmic effect
IR can also target large compartments in the cytoplasm such as mitochondria.

Due to the large numbers of mitochondria and their role in oxidation-reduction
mechanisms, mitochondria can play a crucial role in the biological effects of IR in
irradiated cells (Yahyapour et al., 2018). Mitochondria represent the main source
of ROS in the cells due to Ox-redox reactions (Morgan and Liu, 2011; Francis-
Oliveira et al., 2018). ROS can be generated from exogenous and endogenous
sources, as illustrated in Figure 1.6. The exogenous sources, such as IR, can
hydrolyse water in the cells leading to the production of different types of ROS,
such as hydrogen ion (H"), hydroxyl ion (OH), hydrogen peroxide (H.0,) and
hydronium ions (H3O") (Tong et al., 2015). ROS can interact and produce a
lesion within neighbouring molecules, such as proteins lipids and DNA. These
lesions could be unrepairable and produce lethal DNA damage, resulting in

senescence, apoptosis and death of cells (Luo et al., 2013). Conversely, cells
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may be able to repair the damage in DNA,; therefore, cells are returned to their
normal function. In some cases the DNA damage is incompletely repaired;
therefore, cells returned to life with a mutation in DNA, and that could induce
genomic instability (Gl), which can initiate tumours in the progeny (Azzam, Jay-
Gerin and Pain, 2012).

ROS can target mitochondrial DNA (mtDNA) and disrupt mitochondrial function
and thus cause an increase in endogenous ROS in the irradiated cells (Blasiak et
al., 2015). However, the level of ROS can return to normal levels by activation of
the cell haemostasis pathway involving ROS scavengers such as peroxiredoxins
(Graves et al.,, 2009). An increase in levels of ROS in the irradiated cells can
activate several pathways in the cell responses to IR. For example, an increase
in ROS in irradiated cells can be associated with mtDNA damage and apoptosis
(Zangar, Davydov and Verma, 2004; Blasiak et al., 2015) through activation of

the caspase system pathway (caspase 9 and caspase 3) (Circu and Aw, 2010).

Moreover, an increase in ROS in the cells can activate transcription factors that
regulate the expression of genes that contribute to EMT. ROS can activate TGF-
B, inducing EMT in MCF-10 human normal epithelial cells via activation of SNAIL,
SMAD and ZEB transcription factors (lizuka et al., 2017).
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Figure 1.6 A schematic diagram showed the possible mechanisms by which IR
induces ROS and cellular responses.

IR can hydrolyse a water molecule and produce ROS. Excessive amounts of ROS from
exogenous and endogenous sources can induce DNA damage in the nucleus and the mtDNA.
Induction of DNA damage could contribute to cellular responses, including apoptosis and cell
death. Otherwise, cells will induce their DNA repair systems; DNA misrepair can induce changes
in transcription factors, which frequently contribute to EMT and invasion. The progeny of cells
surviving irradiation could have mutant DNA and possibly initiate tumours in the future.

1.6.1. iii Nuclear effects
The speed and energy of IR photons have an influence on the biological and

cellular responses of irradiated organisms (Nias, 1990). These effects, either as a
result of the direct impact of irradiation on DNA or the release of ROS results in
double-strand breaks (DSB) (Vignard, Mirey and Salles, 2013). This DSB
consequently induce cellular responses such as apoptosis (Verbrugge et al.,
2008), necrosis (Hallahan et al., 1989), DNA damage, chromosomal aberrations,
mutation and GI, which can increase the risk of cancer formation (Lutze et al.,
1993; Kadhim, Marsden and Wright, 1998; Kadhim et al., 1995).

IR has harmful effects on DNA. However, the other molecules within the cells
such as water can be ionised, hence reacted with nearby DNA to produce an
aberration (Hall and Giaccia, 2012). Due to the ability of radiation to deposit a
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high quantity of energy in a small area, clusters of DNA damage and DSB
appear. Clustered DNA damage is frequently associated with SSB and pair base
lesions, and this results in lethal and unrepairable aberrations in DNA (Klungland
and Bjelland, 2007).

1.6.2 Target effects of ionising irradiation
According to Marshall, Gibson and Holt (1970), cells should have at least one site

to be targeted by IR to induce cell damage or cell death. The central molecule
targeted in the cell is DNA. DNA damage can lead to chromosomal aberrations,
genetic mutation and cell death (Biedermann et al., 1991; Borrego-Soto, Ortiz-
Lopez and Rojas-Martinez, 2015). However, literature reports that IR can also
target cell membranes, causing cell death. Cells exposed to ionising radiation can
generate ROS leading to oxidative damage to the membrane of the cells and its
consequent role in the mechanism of apoptotic cell death (Mishra, 2004).
Furthermore, radiotherapy can also induce cancer formation by increasing Gl or
affect the microenvironment of the irradiated zone, which can produce oncogenic

factors such as cytokines (Kaup et al., 2006).

1.6.3 Non-target effects of ionising radiation
It is accepted that the DNA molecules are the first target of IR in irradiated cells

resulting in the production of DNA damage and free radicals such as ROS
(Vilenchik and Knudson, 2006; Vignard, Mirey and Salles, 2013). In the last
decades, the radiation biology paradigm was shifted from target to non-target
effects (NTEs) of IR (Kadhim et al., 1992; Azzam et al., 1998; Morgan, 2003a;
Little, 2006; Kadhim et al., 2013; Pouget, Georgakilas and Ravanat, 2018). The
phenomena of NTE has been extensively explored by researchers, to
demonstrate the effects of IR in the cells and tissues that are not exposed to IR
(Mothersill et al., 2001). Kadhim et al. (1995) observed that IR induces genomic
instability (Gl) in the progeny of nearby unirradiated cells. Changes in cell
function have also been observed due to non-targeted effects of IR (Lorimore,
Coates and Wright, 2003; Hatzi et al., 2015).

Much evidence suggests that the NTEs of IR can cause an irreversible change in
the DNA structure, which can often pass to the progeny of cancer cells (Al-Mayah
et al., 2012). Chromosomal aberration and Gl are also associated with an
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increase in the inflammatory response and ROS production in the non-targeted
cells (Lorimore and Wright, 2003; lliopoulos, Hirsch and Struhl, 2009). Moreover,
Mancuso et al. (2008) demonstrate that irradiated mice with shielded brains had
increased incidence of a medulloblastoma tumour, and that was associated with
DSBs and interstitial deletion in chromosome 13. Mothersill et al. (2001) have
also reported that IR can induce biological changes in unirradiated cells such as
Gl and bystander effects (BE), described below in Sections 1.6.3.i and 1.6.3.ii.

1.6.3. i Radiation-induced Gl
Gl is a generic term that refers to a frequent mutation in the genome of cells,

which can appear in the progeny. This alteration in the genome of the cells could
include changes in the sequence of nucleic acids, chromosomal aberration and
aneuploidy (Morgan, 2003b; Morgan, 2012; Kadhim et al., 2013). Radiation-
induced Gl has also been defined as an increase in the rate of alteration within
the genome of the progeny of irradiated cells (Morgan, 2003a). Kadhim et al.
(1992) observed karyotype abnormalities in murine stem cells that were exposed
to a-particles. Gl can manifest as a chromosomal aberration, micronucleus
formation, aneuploidy, gene amplification and microsatellite formation. The
mutation can arise in the early period of exposure to radiation as well as in the
progeny of the irradiated cells, leading to Gl and cancer formation (reviewed by
Kadhim et al., 2013).

Several factors can influence Gl in irradiated cells, including the type, dose, and
dose rate of radiation, cell type and density in the culture (reviewed by Kadhim
and Hill, 2015). The majority of studies concentrate on the effect of high and low
LET such as a-particle and X-radiation, respectively. A cross-talk between Gl and
extracellular vesicles as signalling from the irradiated cell can stimulate
chromosomal rearrangements in a non-target cell within the environmental

radiation area or vice versa (Morgan, 2003a).

1.6.3. ii Radiation-induced bystander effects
Radiation-induced bystander effect (BE) is defined as the biological response of

unirradiated recipient cells to IR via bystander signals from neighbouring
irradiated cells (Najafi et al., 2014). Nagasawa and Little (1992) were the first

authors to observe BE in Chinese hamster ovary cells following irradiation. They
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tracked 1% of Chinese hamster ovary cells using a-particle beam track. Cells
were analysed for chromatid sister exchange. They observed that 30% of cells
were affected by irradiation, manifesting as chromatid sister exchange. They
stated that the unirradiated cells responded to signals secreted from the 1% of
directly irradiated cells demonstrating ionising radiation-induced bystander

effects.

BE through extracellular

o vesicles Gap junction
Irradiation

Normal cells Direct irradiated cells Bystander damaged cells

Figure 1.7 A schematic diagram of BE of ionising irradiation.

The irradiated cells produce soluble and insoluble factors that can induce damage in the
unirradiated cells nearby, adapted from (Al-Mayah et al., 2012).

The relationship between the IR and BE does not show a linear equation; which
means that a low dose of radiation could induce maximum induction of BE (Ding
et al., 2005). For example, Schettino et al. (2005) demonstrated that the full BE
effect of X-irradiation on V79-379A Chinese hamster cells was between 0.3-0.5
Gy X-ray when they exposed to dose rate between 0.01 and 0.5 X-ray in three-

dimensional tissue cultures.

It has been well reported that signals from irradiated cells can cause damage in
unirradiated cells. Mothersill and Seymour (1998) showed that considerable of
DNA damage in the recipient cells was observed following transferring irradiated
cell-conditioned media (ICCM) to unirradiated epithelial cells. This damage could
be affected by the density and types of irradiated and unirradiated cells (Ballarini
et al., 2006). Moreover, Al-Mayah et al. (2012) demonstrated that ICCM could
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induce DNA damage in recipient unirradiated MCF-7 cells. A recent study
showed that an increase in ROS and glutathione levels following transfer ICCM of

HaCaT human keratinocyte cells to unirradiated cells (Jella et al., 2018).

1.6.3. iii Mechanisms of BE
It has been well demonstrated that irradiated cells produce various factors which

can be received by nearby unirradiated cells through media transfer or through
gap junctions in vitro. Several mechanisms have been proposed to explain the
BE; these include soluble factor transmission, oxidative metabolism and EV /
exosomes transmission (Azzam et al., 2002; Al-Mayah et al., 2012; Azzam, Jay-
Gerin and Pain, 2012; Al-Mayah et al., 2015). However, mechanisms of

bystander signalling related to the EMT are still incompletely clear.

Several experimental designs have been proposed to study the BE of IR. Using
media transfer technique, Lyng et al. (2006) investigated the changes in the
MAPK pathways, including P38, JNK and ERK; and calcium levels in human
papillomavirus-immortalised keratinocytes cells (HPV-G) following ICCM media
transfer. They found that the active form of JNK and ERK can be detected
following exposure to ICCM. In addition, the ROS and calcium can also be
elevated in the recipient cell, suggesting that ROS and calcium can act as

important mediators in BE cells.

A microbeam technique has also been used to study the BE of IR. The Columbia
microbeam has been used to deliver known numbers of charged a- particles for
each cell. Using this technique allowed the examination of the responses of
individual cells to IR and also an examination of the responses of irradiated and
unirradiated cells to IR. Ponnaiya et al. (2007) used a microbeam technique to
quantify the expression of cyclin-dependent kinase inhibitor (CDKN1a) following
administration of 10 a particle’s per cell for 50% of the cell population (Ponnaiya
et al., 2007). They found that CDKN1a expression in irradiated cells increased
compared to the control cells. They have also found that the expression of
CDKN1a in unirradiated cells in the same population as the irradiated cells
increased compared to 0 a-particle control cells.

A grid shield method has also been used to investigate the BE of IR. Using this

technique allows irradiating a part of the body or cell population and covering the
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other parts to protect them from radiation. Lorimore et al. (1998) used this
method to prove the BE of radiation. They observed that a-particles induce
chromosomal aberration in mouse bone marrow progeny of unirradiated cells
(Lorimore et al., 1998). Another experiment supports this finding conducted by
Hu et al. (2018); they irradiated Kunming mice with 4 Gy X-ray; either whole
body, head or abdomen. They found that upregulation of mesenchymal markers
(vimentin and N-cadherin) and downregulation in epithelial markers (E-cadherin)

in tissue that had never been exposed to irradiation (Hu et al., 2018).

The mechanism of BE is not fully understood; however, studies suggest that two
possible mechanisms may be involved: either communication through gap
junctions (GJ) (Azzam et al., 1998) or transmissible soluble factors (Hickman et
al., 1994).

1.6.3.iv The role of gap junction in intercellular communication
Cells can communicate with each other using special structures called gap

junctions (GJ), which consist of six transmembrane connexin proteins arranged in
a cylindrical shape making a pore linking adjacent cells to each other (Czyz,
2008). GJ allow interaction of two hemi open channels of neighbouring cells by
forming a small channel between the cells, in which molecules less than 1.5KD
can pass through (Vinken, 2012; Zhou et al., 2017).

It has been well reported that BE can be induced through gap junction
intercellular communication (GJIC). Bishayee et al. (2001) demonstrate that free
radicals can use the GJIC to induce BE in adjacent cells. They labelled Chinese
hamster V79 cells with tritiated thymidine and mixed them with unlabelled cells.
The labelled cells were hit by short-range B-particles. Dimethyl sulphide was used
to treat the cells and block GJ. They found that unlabelled cells were protected
from the effect of free radicals. The authors suggest that free radicals can
produce BE through GJ. Azzam, de Toledo and Little (2003) had also reported
that IR induced BE via GJIC.

Most recent evidence confirming the role of GJ in BE has been presented by
Arora et al. (2018), They used NSCLC, H1299 lung cancer cells and H1355,
H460 ovarian cancer cells and treated them with cisplatin. They found that

cisplatin can regulate the induction of DNA damage through bystander GJIC in
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high-density cell populations (Arora et al., 2018). The study conducted by Wu et
al. (2018) provides further evidence to support the role of GJIC in BE. They used
a modified testicular cancer cell line, 1-10/DDP. They exposed mouse Leydig
tumour cells to a series of the concentration of cisplatin DDP for 7 days to
produce cisplatin-resistant cell line. They found that the capacity for migration
and invasion of 1-10/DDP cells was elevated and was associated with an
increase in the expression of the Cx43 protein and a decreased in the functional
capability of GJ (Wu et al., 2018). Furthermore, inhibition GJIC by retinoic acid

can decrease the migration and invasion of 1-10/DDP cells.

1.6.3. v The role of transmissible factors in intercellular communication

As described above, cell-cell communication can be mediated via GJ. Other
studies have demonstrated that BE can be induced in recipient cells using a
media transfer approach. Media transfer BE has been well documented in the
literature (Azzam et al., 1998 ; Azzam, Jay-Gerin and Pain, 2012; Mothersill,
Rusin and Seymour, 2017). Anzenberg, Chandiramani and Coderre (2008) stated
that the media from irradiated DU-145 prostate cancer cells can increase the
incidence of micronuclei in unirradiated DU-145 and AG01522 fibroblast recipient
cells. Kanasugi et al. (2007) observed a chromosomal aberration in unirradiated
fibroblast cells that were treated with media isolated from irradiated fibroblast
cells. Moreover, Widel et al. (2012) proposed that irradiated human melanoma
cells can induce BE in human fibroblast cells in a co-culture system. They
suggest that irradiation induces ROS formation and that ROS could be

transferred to unirradiated cells and induce BE.

1.6.3. vi Extracellular vesicles and cell communication
BE phenomena in cells that have not been exposed to radiation have been

supported by a body of data from numerous publications. Irradiated and
unirradiated cells can communicate using GJIC, or by soluble factors that are
released into the surrounding medium. Microvesicles/exosomes are also known
to be induced BE in recipient cells. Jella et al. (2014) observed an increase in the
viability and intercellular calcium level in HaCaT keratinocytes cells that were
treated with exosomes isolated from irradiated cell-conditioned media (ICCM).

They also transferred exosome-depleted media to unirradiated cells and they
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observed abrogation in the effect of ICCM media in term of viability and calcium

induction.

Cell-cell communication via exosomes has also been seen in BHY and FaDu
head and neck cancer cell lines following ionising irradiation (Mutschelknaus et
al., 2016). Exosomes that were isolated from ICCM and CCCM were transferred
to unirradiated head and neck carcinoma cells. The authors showed that both
exosomes from irradiated and unirradiated cells can increase the survival and
proliferation of unirradiated cells. They have suggested that exosomes can

transfer pro-survival factors that contribute to DNA repair in irradiated cells.

Moreover, exosome-induced BE has been reported to promote migration and
invasion of cancer cells. Harris et al. (2015) demonstrated that exosomes isolated
from invasive / metastatic MDA-MB-231 breast cancer cells induce the migratory
effect of recipient MDA-MB-231 or MCF-7 cells compared to the cells treated with
exosomes isolated from MCF-7 breast cancer cells. They also showed that MDA-
MB-231 exosomes demonstrated 2 fold higher or lower proteins than MCF-7,
they found 38 upregulated proteins and 30 of them had been reported to be

involved in invasion and human breast cancer cells (Harris et al., 2015).

1.7 Exosomes
As described above in Section1.6.3. vi, exosomes are small vesicles (40-150nm),

which initially arise from endosomes (Suetsugu et al., 2013). It has been reported
that exosomes are secreted from both normal and cancer cells, and they contain
DNA, mRNA, miRNA and protein molecules (Kumar et al., 2015a; Kumar et al.,
2015b; Li et al., 2015; Lai et al., 2016; Languino et al., 2016). According to Al-
Mayah et al. (2012), exosomes secreted from irradiated cancer cells can
stimulate DNA damage and chromosomal aberrations in bystander recipient
cells. They also showed that inhibiting the RNA and protein molecules (using
RNase A or heat, respectively) of exosomes derived from ICCM can abolish the

induction of BE.

1.7.1 Exosomes cargo
Exosomes contain various types of molecules, including nucleic acids (DNA,

mRNA, and miRNA), proteins (enzymes, cytokines, transmembrane proteins) and

metabolites. The majority of exosomes contain transport and fusion proteins,
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such as flotillin, annexins and Rab GTPase, Alix, and TSG101 (reviewed by
Lindsey and Langhans, 2014; Brinton et al., 2015), and exosomal metabolites

include peroxidases, lipid kinases and pyruvate enzymes (Altadill et al., 2016).

Moreover, there are several cytoplasmic proteins such as actin and tubulin that
are found in exosomes. In addition to integrin and tetraspanin, heat shock
proteins such as hsp70 and hsp90 have also been found in the exosome
(Mathivanan, Ji and Simpson, 2010). Exosomes can also carry proteins that are
involved in EMT, such as TGF-B (Li et al., 2017e) and TNF-a (Hong et al., 2016).
One of the most important proteins that have been found in the exosomes is
TGF-B, described in Section 1.3.3 which can play a critical role in physiological
and pathological pathways in animal cells, including the developmental
mechanistic pathway, (Perry, Anthony and Steiner, 1997), and cancer

development and progression (Languino et al., 2016; Yen et al., 2017).

Studies state that exosomes can interact with the cell membranes via
phosphatidylserine lipid (Keller et al., 2009) or ligand-receptor interactions (Thery
et al., 2006). Exosomes can also fuse directly with the cell membrane to release
contents to the cytoplasm. Otherwise, exosomes can enter the cells through
ligand clathrin-mediated endocytosis (Morelli et al., 2004; Morelli et al., 2017).
miRNA has also been found in the exosomes (Kruger et al., 2014; Bernal et al.,
2014). For example, microarray analyses of MDA-MB-231 and MCF-7 exosomes
showed a wide range of miRNA expression. In addition, they are found several

oncogenic miRNA in both types of exosomes (Kruger et al., 2014).

1.7.2 Exosome function
The function of exosomes varies from one type of cell to another, i.e. exosomes

can either be activators or inhibitors. For example, exosomes released from
dendritic cells can activate the immune system, directly or indirectly via cytokine
production and T cell activation (Bianco et al., 2009). Conversely, exosomes
derived from cancer cells have an inhibitory effect on the immune system (Thery
et al., 2002; Clayton et al., 2007).

As described previously in Section 1.2, the vast majority of cancer patient
mortality results from the metastasis of cancer cells to distant sites away from the

primary cancer source. Much effort has been put into understanding the role of
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exosomes in the mechanisms of cancer cell metastasis. It has been reported that
tumour-derived exosomes can influence tumour growth (Wang and Tang, 2010).
Boelens et al. (2014) state that exosomes derived from H1299 and A549 highly
invasive lung cancer cells could increase the migration of non-invasive H522 lung
cancer cells. It has been stated that exosomes and their content carry essential
factors for EMT, such as Ras and MMPs (Tauro et al., 2013). The exosomes
derived from the serum of patients with metastatic lung carcinoma promotes
expression of vimentin and increased invasion and migration of human bronchial
epithelial cell (HBECs) recipient cells (Rahman et al., 2016).

The potential effect of exosomes on the behaviour of cells could result from the
nature of exosome cargo (e.g. protein and RNA), which could be affected by
several factors including ROS (Wang et al., 2017). IR is one of the most critical
factors that increase ROS and induce stress in human body cells resulting in

increased exosome production (Szumiel, 2015).

Recent studies have concentrated on the effect of IR on exosome cargo, as well
as its implications for human cells. Jelonek, Widlak and Pietrowska (2016) have
documented that exposure to IR can lead to changes in the compositions of
exosomes, which may reflect on cellular activity such as suppression of
translation, transcription or induction of cell signalling. They examined proteins in
the exosomes extracted from irradiated and unirradiated head and neck cancer
cells. They showed great changes in the exosome contents post-irradiation
compared to the control group. Three hundred eighty-four proteins were identified
in exosomes post-irradiation, including 236 new proteins, which had not been
detected in unirradiated exosomes. In addition, 69 proteins were found to be
missing after exposure to 2 Gy X-ray; whilst only 217 proteins were detected in

the exosomes from the control group.

Al-Mayah et al. (2015) stated that exosomes derived from irradiated MCF-7 cells
have a long-lived effect on unirradiated cells due to both components of
exosomes, protein and RNA molecules. Both exosome molecules (proteins and
RNA) synergistically work to induce non-targeted effects of exosome cargo within

the progeny of irradiated and unirradiated cancer cells.
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However, the targeted and non-targeted effects of IR on cancer cell invasiveness
and metastasis are not fully understood. Therefore, this study investigates the
direct and bystander effects of IR on cancer cell invasion correlated with changes

in glycosylation and EMT markers.

1.8 Aims
Radiation therapy is one of the most important methods for the treatment of

cancer. However, most of the cases, cancer can be recurrent or distribution to
other parts of the body following irradiation. This study aims to investigate the
effect of X-radiation or exosomes derived from irradiated cells on the invasive
capacity of luminal MCF-7 and basal MDA-MB-231 breast cancer cells. Cells
were analysed 24 hours following 2 Gy X-irradiation or exosomes transfer to
examine the change in the glycosylation and EMT markers as well as the number
of invasive cells to the Matrigel. In addition, this study also aims to determine the
expression of candidate genes and the level of proteins that could have a role in
the invasion of breast cancer cells. This study will, therefore, investigate the
expression of GalNAc-T6, vimentin, E-cadherin and TGF-3 genes. Moreover, the
study also will investigate the expression of transcription factors SLUG, SNAIL,

ZEB, TWIST and MMP, which may be involved in the EMT and invasiveness.

Candidate proteins (TGF- B, vimentin and E-cadherin) will also investigate.

Moreover, candidate miRNA (Let7-a, miR-30a, miR-200a and miR-9a) will also

be examined as they have a role in the expression of transcription factors

associated with EMT and invasiveness.

Therefore, this study was established to:

1- Investigate whether a therapeutic dose of X-irradiation can change
glycosylation and EMT markers and promote invasion of breast cancer cells.

2- Investigate the potential role of exosomes in the change of glycosylation and
EMT markers and the invasion of breast cancer cells.

3- Investigate the role of direct irradiation and exosome transfer on the change
of glycosylation EMT markers and the invasion of MDA-MB-231 breast cancer
stem cells.

4- Achieve a better understanding of the mechanisms of breast cancer cell
invasion regarding the change in the expression of candidate transcription
factors, such as TGF-B, SLUG, SNAIL, ZEB, TWIST and MMP which may be
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involved in breast cancer cells invasion following irradiation or exosome

transfer.
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Chapter 2. Materials and Methods
2.1 Experiment design
The studies described in this thesis were conducted to investigate the role/effect
of ionising radiation (IR) and cell-cell communication post-X-ray-irradiation on the
invasive capacity of human breast cancer cells. To this end, various experiments
were performed with the following aims, as illustrated in Figure 2.1:
1- Optimise the experimental conditions
2- Determine the effect of IR on glycosylation
3- Determine the impact of IR on markers of EMT
4- Investigate the effects of IR on the invasive capacity of breast cancer cells
5- Investigate the impact of cell communication post IR on the invasive ability
of breast cancer cells
6- Investigate the impact of exosome cargo on the invasive ability of breast
cancer cells
7

Four breast cancer cell lines have been chosen in this experiment, each of which

Investigate the role of IR on the invasiveness of breast cancer stem cells.

has specific characteristics associated with invasiveness as will be described in
Section 2.2. According to the responses of cells to the glycosylation and EMT
markers, the study was optimised the best cell lines to be considered in the
irradiation experiment. After which, the experiments in this study were divided
into two categories (target/ direct and non-target/ bystander) effect of IR on
invasiveness capacity of breast cancer cells. Eleven assays have been involved
in the direct effect of IR on breast cancer cells which included cell count, cell
viability, ROS, comet assay, apoptosis, invasion assay, biotinylated lectin,

immunocytochemistry, flow cytometry, qPCR and western blot.

The other type of assays were set up to investigate the bystander effect of IR on
the invasiveness of breast cancer cells, these assays involved classic bystander,
were the media transferred to unirradiated cells and exosomes depleted media
when exosomes free media were transferred to unirradiated cells, these two set
of experiments involved two assays, invasion and cytochemistry assays. The
second type of experiment involved in this category was exosomes bystander
experiment. These experiments were set up to understand the effect of

exosomes that were isolated from irradiated cells on invasiveness capacity of
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unirradiated breast cancer cells. These experiments involved invasion assay,
cytochemistry assay, flow cytometry gqPCR and western blot assays. The final
experiments underwent a bystander effect of IR was exosomes cargo inhibition to
confirm the effect of exosomal protein and RNAs in the invasion of breast cancer

cells, as demonstrated in Figure 2.1.

Pilot study of the project

Cell lines and cell culture

Optimisation the experimental
condition

Irradiation experiments
L

Direct * Bystander

I | |
Cell count
Cell viability L L 1
. Classic bystander | | exosomes bystander Exosomes cargo
Reactive oxygen inhibition
species (ROS) Depleted media i
1
Comet assay . Invasion assay .
Ju— Invasion assay Invasion assay
poptosis :
I - Cytochemistry Cytochemistry Cytochemistry
nvasion assay
- Biotinylated lectin Flow cytometry) Biotinylated lectin
Cytochemistry gPCR
Flow cytometry) Western blot
qPCR Biotinylated lectin

Western blot

Biotinylated lectin

Figure 2.1 A schematic diagram of the experimental design

This diagram has illustrated the experiments and the assays that been done in this study. These
assays have been utilised to investigate the effect of IR in the invasion of breast cancer cells.
Before the irradiation experiments, this study has been used to optimise the best cell line of
breast cancer. Following the optimisation of the experimental conditions, cells either exposed to
direct X-irradiation or treated with exosomes isolated from irradiated and unirradiated cells. In the
direct and bystander parts, cells were subjected to cell count, cell viability, ROS, comet,
apoptosis, invasion, cytochemistry, flow cytometry, q°PCR, and western blot.

2.2 Cell lines
Four human breast cancer cell lines (MDA-MB-231, MCF-7, ZR75-1, and BT474)

were chosen to address these aims above, as each is known to display a range
of phenotypes regarding glycosylation and EMT markers which can be

considered as an indicator of aggressiveness. MDA-MB-231 is a basal triple-
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negative (Oestrogen receptors negative (ER-), progesterone receptors negative
(PR-) and human epidermal growth factor receptor 2 negative (HER2-)) and
highly aggressive with aberrant glycosylation (Vazquez-Santillan et al., 2016; Li
et al., 2017¢c). MCF-7 which is a luminal breast cancer cells and HER2", exhibit
moderately aggressive and metastatic with aberrant glycosylation (Dai et al.,
2017); ZR75-1 low aggressive and metastatic with intermediate aberrant
glycosylation and BT474 non-metastatic and with negligible aberrant
glycosylation (Holliday and Speirs, 2011; Dai et al., 2017). MCF-7, ZR75-1 and
BT474 breast cancer cell lines (kindly provided by Dr Jostein Dahle (Oslo
University, Norway) were retrieved from liquid nitrogen storage from our
laboratory, while MDA-MB-231 cells were kindly donated by Professor John
Harrison (Public Health England).

2.3 Cell culture
MCF-7 and MDA-MB-231 breast cancer cells were seeded in Dulbecco’s

Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM) (Sigma,
RNBG2424). ZR75-1 and BT474 cells were cultivated in Iscove’s Modified
Dulbecco's Media (IMDM) (Gibco, 21980032). Both types of media were
supplemented with 10% (v/v) foetal calf serum (FCF) (Sigma, F7524), 1% 2 mM
L-Glutamine (Gibco, 25030), 1% penicillin / streptomycin solution (10,000 units of
penicillin and 10 mg/mL streptomycin) (v/v) P/S, (Sigma, P0781) and 1% 250
ng/mL insulin (Sigma, 19278). All cell lines were grown in T75 or T175 tissue
culture flasks at 37 'C, 5% CO, at full humidity.

2. 4 Cell count using Erythrosin B viability stain
Haemocytometer method, with the aid of coverslip, was used to count the cells in

the experimental samples. The haemocytometer has two counting areas; each
side has composed of diverse size squares. The four large 1 mm X 1 mm corner
squares (area of each is 1 mm?) were used for counting cells. Each square
subdivided into 16 small squares. The cover-slip was gently placed onto the
haemocytometer. Accordingly, a 0.1 mm height is left between the cover-slip and
the haemocytometer; thus, the volume of each large square is 1 mm X 1 mm X
0.1 mm = 0.1 mm?® = 0.1 pl. Erythrosine B solution was prepared and mixed with

the cell suspension, then the viable cells have been counted.
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2.4.1 Erythrosin B solution preparation
Before counting the cells using erythrosin B viability stain and a Neubauer

Haemocytometer (haemocytometer), first, a stock solution of erythrosin B was
prepared: 0.4 g of erythrosin B powder (Sigma, E9259), 0.06 g of potassium
phosphate monobasic (Sigma, 1551139) and 0.81 g of sodium chloride (Sigma,
S7653) were added to 100 mL of Hanks solution (Sigma, H6648) on a magnetic
stirrer hot plate. The solution was brought to a boiling point, and 1ml sodium
hydroxide (Sigma, S8045) added to aid dissolution of all compounds; it was then
left at the room temperature to cool. A working solution was made by adding one

mL of stock solution to 4 mL of deionised water.

2.4.2 Cell count
To collect cells for counting, media was removed from the T75 tissue culture

flasks using sterile pipette; then cells were washed with phosphate-buffered
saline (PBS) (Gibco, 1786947). Cells were detached by the aid of a trypsin-EDTA
solution (Sigma, T1426, E8008 respectively), 2 mL of a trypsin-EDTA solution
was transferred into the T75 tissue culture flask, and rounded for one minute,
then the trypsin-EDTA solution was discarded, and the cells were incubated at 37
°C for 3-7 minutes according to the type of cell line. After the incubation time,
cells were detached and harvested using complete media, also according to the
type of the cell line. Cells were collected in 15 mL Falcon tubes (ThermoFisher
scientific, 227261). Cells were counted after diluting 1 in 2, i.e. 100 pyL of each
cell suspension was mixed with 100 yL of the erythrosin B working solution. 10
ML of the mixture was then transferred to each chamber of the haemocytometer.
The cells were counted using a Nikon Eclipse TS 100 light microscope under 100
x magnifications. The average number of live cells was calculated and multiplied
by the volume of the sample according to the following equation:

Number of cells / mL = (average number of cells in both sides of haemocytometer) x 2 x 10% -—--
(1)

2 is the dilution factor, and 10* represent 1 mL of cell suspension.

2.5 Irradiation
All irradiation experiments were conducted at the Gray institution, University of

Oxford, using the MXR321 X-ray machine at 250 kV constant potential, 14 mA

and a dose rate of 0.53 Gy/minute for 3.56 minutes.
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Initial experiments focused on MCF-7 and the MDA-MB-231 cell lines. Cells were

irradiated at 70% cell confluence with 2 Gy X-ray.

2.5.1 Cell viability
Quantitative determination of viable cells following irradiation was performed

using the Muse Cell Analyser (Merck, 500-3115), which utilises small scale
fluorescence detection and cytometry, enabling an analysis of individual cells.
Laser-based fluorescence detection of each cell event evaluates up to 3 cellular
parameters — cell size and 2 colours (detected in the red or yellow channels)..
The Analyser detects stained cells at the optic-excitation of 650 nm, and emission
of yellow fluorescence is detected at 576 nm with a £28 nm band width, whilst red
fluorescence is detected at 680 nm within a £30 nm bandwidth.

Briefly, cells were stained by a specific dual DNA intercalating fluorescent dye.
Cells that had lost their membrane integrity, thereby allowing the dye to enter and
stain their nucleus were thus preliminarily characterised by the Analyser, as non-
viable, i.e. dead or dying. Results were further validated by analysis of cellular
size properties, which enabled the distinction of cells from debris.

MCF-7 and MDA-MB-231 cells were irradiated with 0 Gy (control / sham dose)
and 2 Gy (final dose). At 4 hours post-irradiation, cells from each irradiation
condition were harvested in phosphate-buffered saline (PBS), and 50 pL of each
cell suspension (concentration 1x10° cell/mL) was mixed and incubated with 450
ML of Muse count and viability reagent (Merck, MCH100102) which is composed
of a mix of organic and inorganic compounds, including an alternative to trypan
blue in 1.5 mL Eppendorf tubes, (VWR, 211-0015). Cells were incubated with the
reagent for 5 minutes and then analysed for viability using the Muse Cell
Analyser, as shown in Figure 2.2. The viability of MCF-7 and MDA-MB-231 cells
were analysed according to the manufacturer’s protocol. The viability of irradiated
cells was calculated as a relative percentage to the living cells of the unirradiated

control group.
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Figure 2.2 A schematic diagram showed the summary of cell viability protocol
using Muse cell analyser.

Cells were mixed with count and viability reagent and left in the room temperature. The viability of
cells was measured after 5 minutes of incubation with the reagent.

2.5.2 Reactive oxygen species (ROS)
2.5.2. i Principles

Quantitative measurements of reactive oxygen species (ROS) in MCF-7 and
MDA-MB-231 cells undergoing oxidative stress after irradiation with 2 Gy X
irradiation was performed using Muse oxidative stress kit (Merck, 4700-1665).
The assay determines the relative percentage of cells that are ROS positive and
ROS negative. After irradiation cells were harvested and incubated with
dihydroethidium (Merck, 4700-1665) (DHE), a ROS reagent. They were then
analysed according to the manufacturer’s protocol. The principle of detection of
ROS in the cells is comparable to the viability of the cells assay, Section 2.5.1,
i.e. the Analyser detects stained cells at the optic-excitation of 650 nm, and
emission of yellow fluorescence is detected at 576 nm with a £28 nm band width,
whilst red fluorescence is detected at 680 nm within a £30 nm bandwidth.

The superoxide indicator dihydroethidium, also called hydroethidine, exhibits blue

fluorescence in the cytosol until oxidised. Where it intercalates within the cell's
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DNA, staining its nucleus a bright fluorescent red. DHE has been used for a long
time to determine the level of ROS in the cells (Bindokas et al., 1996).

2.5.2.ii Reagent preparation

The Muse oxidative stress reagent (Merck, 4700-1665) and 1x assay buffer
(Merck, 4700-1330) were warmed in the dark, to the room temperature. The
oxidative stress reagent was diluted 1 in 100 in the 1x assay buffer. This solution
(intermediate oxidative stress solution) was further diluted 1 in 80 in the 1x assay

buffer (both dilutions were performed in the dark).

2.5.2. iii ROS measuring
Subsequent irradiation studies on MCF-7 and MDA-MB231 breast cancer cells

increased. Fresh samples of each cell line were irradiated with 0 Gy and 2 Gy X-
radiation. 30 minutes post-irradiation; cells were harvested in 1x assay buffer. 10
ML of each cell suspension was added to 190 pL of oxidative stress reagent
working solution for each tube; extra tubes were made as a positive control (cells
never been exposed to irradiation and mixed with ROS reagent and negative
controls (cells never been exposed to irradiation and nor ROS reagent). Cells
were incubated with oxidative stress reagent at 37 C for 30 minutes. ROS™ and

ROS" were measured using Muse cell analyser as shown in Figure 2.3.
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Muse oxidative 1x assay 1x assay of oxidative stress suspension
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Cell suspension with
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Figure 2.3 A schematic diagram showed a summary of the ROS measuring
protocol.

Cells were mixed with ROS working solution for 30 minutes at 37 'C. ROS in the irradiated and
unirradiated cells were measured.
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The left panel shows the size of the cells. While the right panel shows the ROS,
the left grey histogram showed ROS". Meanwhile, the red histogram showed the

ROS" as shown in Figure 2.4.
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Figure 2.4 A schematic diagram showed the principle of cell analyser (Muse)
measuring ROS.

The left panel of the graph shows the cell size (top Section). The right panel shows a diagram of
ROS positive (red) and negative (grey) cells.

2.5.3 Comet assay
The alkaline single cell gel electrophoresis assay (comet assay) was utilised to

determine the total DNA damage in comet tail following irradiation, as described
in (Chandna, 2004; Al-Mayah et al., 2012).

50 pL of media which contain approximately 2x 10* of breast cancer cells in was
mixed with 200 pyL low melting point agar (LMPA), (Fisher Biotech, BP165-25)
and placed on agarose-coated slides (Sigma, A9539-100). A homogenous/mono-
layer of cells was created by placing a 22x50 mm coverslips on the drop of
cell/agar suspension, and these were left flat in place for 10 minutes. The slides
were then transferred to Coplin jars containing cold lysis buffer (2.5 M NaCl,
100mM EDTA (pH 8.0)), 10 mM Tris-HCI (pH 7.6) and 1% Triton X-100 (pH 10.0)
and left overnight at 4'C. The slides were then transferred to an electrophoresis
tank (Bio-Rad, UK) filled with electrophoresis buffer (0.3 M NaOH and one mM
EDTA, pH13) and left at 4°C for 40 minutes. The electrophoresis tank was then
run for 30 minutes, at 19V and 300 A. Slides were neutralised with neutralising
buffer (0.4 M Tris-HCI, pH 7.5) for 5 minutes, and then washed with distilled water
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for 10 minutes prior to immediate staining with diamond nucleic acid dye
(Promega, H1181) working solution (1 pL diamond nucleic acid dye in 10,000 pL
dilution of tris-base buffer). Cells were analysed using comet assay 5 software,
and fluorescence microscopy (Nikon, Japan) and colour camera (Basler,
Germany) cells were analysed under 20X magnification which can compare the

DNA in comet tail (outside the nucleus) to the DNA in the nucleus.

2.5.4 Apoptosis assay
The apoptosis assay was used as the method to determine the presence of

apoptotic cells related to the total number of the cells (Schwartz et al., 1995).
MCF-7 cells were irradiated with either 0 Gy or 2 Gy X-rays. 4 hours post-
irradiation; cells were collected in 50 mL Universal tubes using PBS as described
in Section 2.4.2 and centrifuged at 1200 rpm using Heraeus Megafuge 16
centrifuge (ThermoFisher, 75004230). Cells were fixed with 3:1 methanol: acetic
acid fixative dropped onto clean slides using plastic Pasteur pipette, 1ml fine tip
(Charlton scientific) and left to dry overnight. The dried slides were stained with
25 L Prolong Gold anti-fade reagent with DAPI (Invitrogen, P36931) and viewed
under a Zeiss Axioplan Pol Universal fluorescent microscope. The percentage of
apoptotic cells (cells, where the nucleus is divided into several lobules a
representative image, is shown in Figure 2.5to the total number of cells in 20
microscopic fields was counted. Five hundred cells at least were counted in total
per each replicate. Cells were counted using Zeiss Axioplan 2 Upright
Light/Fluorescence Microscope and ProgRes C3 camera under 40 x
magnifications as shown in Figure 2.5, three replicates for each dose. Data were
collected and statistically analysed using Fisher's exact test and Minitab 16

software.
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Figure 2.5 Picture of apoptotic and normal cells.

The number of apoptotic cells to the total number of cells in 20 microscopic fields was counted.
The nucleus of apoptotic cells was divided into several lobes. Meanwhile, the nucleus of normal
cells is one compact lobe.

2.6 Lectin- biotinylated cytochemistry — cell glycosylation
Four breast cancer cell lines (MDA-MB-231, MCF-7, ZR75-1 and BT474) were

seeded on coverslips in 12 well plates and incubated for 24 hours to allow for
cells to settled and grow. For each cell line, the media was removed from the
wells; the cells were washed with growth media and then fixed with 4%
formaldehyde in 1X PIPES buffer (piperazine-N, N'-bis (2-ethane sulfonic acid,
Sigma, P1851) at 4°C for 15 minutes. Cells were then washed with PIPES buffer
and permeabilised with 0.1% v/v Triton X100 (Sigma, T9284) in 0.1 M PIPES
buffer. They then underwent 3X washes with 0.1 M PIPES buffer before the
addition of 3% v/v methanol/hydrogen peroxide. The endogenous peroxidase
was then blocked with 9:1 methanol/hydrogen peroxide for 20 minutes at room
temperature. The cells were washed 3X with Tris-base buffered saline TBS (1X)
(Sigma, T5030-100TAB) which was prepared by dissolving 6.05 g Tris base and
8.76 g NaCl in 800 ml of dH20O. The pH was adjusted to 7.5 with 1 M HCI and
make volume up to 1 L with dH20. Cells were then blocked with 3% bovine
serum albumin (BSA) in TBS (BSA / TBS) for 30 minutes. HPA was used to
detect GalNAc glycans, (Fukutomi et al., 1989; Brooks et al., 1993) PHA-L to
detect 1,6 N-linked glycans (Mitchell et al., 1998) and SNA to detect sialic acid.
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The concentration of HPA lectin was selected according to the method that was
described in Lescar et al. (2007). Meanwhile, the concentration of PHAL and
SNA was optimised in this study. To this end, cells were first labelled with
10ug/ml of PHA-L or SNA lectin for one hour and then labelled with 5 pg/ml avidin
peroxidase for 30 minutes. Negative results were observed. Following this,
samples of fresh unirradiated cells were labelled with 10 pg/ml of PHA-L or SNA
lectin for 12 hours and then labelled with avidin-peroxidase. Once again, negative
results were observed. The experiment was performed a third time, with 20 pg/ml
of PHA-L and SNA lectin for 12 hours and prior to labelling with avidin-peroxidase

for 30 minutes. Positive labelling was observed following this condition.

Therefore, for each cell line, cells in three wells were treated with either i) 10
pug/mL HPA (Sigma, L6512) in 1% BSA/TBS buffer for 3 minutes. ii) 20 pg/mL
SNA (Sigma, L6890) for 12 hours or iii) 20 pg/mL PHA-L (Sigma, L2769) in 1%
BSA/TBS buffer for 12 hours. All wells were then treated with five ug /mL avidin
peroxidase (Sigma, A3151) in 1% BSA/TBS buffer for 30 minutes and then
further treated with 3, 3’-diaminobenzidine (DAB) Peroxidase Substrate Kit
(Vector, SK-4100) working solution for 3-5 minutes at room temperature. The
working solution was made by added 2 drops of buffer stock solution PH 7.5, 4
drops of DAB stock solution and 2 drops of hydrogen peroxide to 5 ML of dH,O.
The DAB interacts with avidin-peroxidase to produce a brown colour; brown
coloured cells, therefore, indicate a positive result (lectin binding), while
unlabelled cells mean a negative result. Cells were then counterstained with
Harris’ haematoxylin (Sigma, HHS16) and dehydrated using a series of methanol
washes (50%, 70%, 90%, 100%, and 100%). They were then dipped briefly into
100% xylene (Fisher, X/0250/17) and mounted on clean slides using a mixture of
distyrene (polystyrene), tricresyl phosphate (a plasticiser) and xylene DPX
(Sigma, 06522-100ML). Each sample has three replicates and positive and
negative controls were applied. The positive control (cells labelled normally with
lectin, avidin peroxidase and DAB, meanwhile, cells that not labelled with lectin,
but just avidin peroxidase and DAB, represent a negative control, as shown in
Figure 2.6. Five microscopically fields were chosen randomly and then a picture
for each microscopical field has been taken using light microscopy (Axioplan,

Germany) and colour camera (ProgRes, Germany). The positive and negative
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cells were counted using ImagedJ software, and the percentage of the brown cell
to the total number of the cells in five microscopically field was calculated. Data

were statistically analysed using Fisher's exact test and presented as a

percentage of labelled cells to a total number of cells.

Enzyme
detection

Cells were incubate 3-4 min with

DAP (colour Products). MCF-7 HPA

negative (Con.)

Cells were Incubated for 1/2 hour
with avidin peroxidase.

MCF-7 HPA
positive (0Gy)

Cells were incubated 5 min. with
HPA

Cells were washed three time with
PIPES, then permeebilize with 1%
triton100x, 10min. and blocked
with, 10%

H202 for 20min.then 3%BSA

30 min

Cells were fixed 2with 4%PFA for
15 min.

SRS

Figure 2.6 A schematic diagram showed the principle of HPA biotinylated lectin
positivity.

2.7 Protein immunocytochemistry — EMT Marker assay

MDA-MB-231, MCF-7, ZR75-1 and BT474 breast cancer cells were seeded in 12
well plates and then treated with either 2 ug/mL of rabbit polyclonal anti-vimentin
antibody (abcam, ab137321), 0.5 ug/mL of rabbit monoclonal anti-E-cadherin
(phospho S838+S840) antibody [EP913(2)Y] (abcam, ab76319) or 4 pug/mL of
rabbit polyclonal anti-N-cadherin antibody (abcam, ab12221). Cells were fixed
and blocked similarly to the procedure used in the glycosylation detection as
described in Section 2.6, and then labelled with primary antibodies. Cells were
incubated with antibodies (anti-vimentin, anti-N-cadherin and anti-E-cadherin
antibodies) overnight in the refrigerator at 4°C. They were then washed 3X with
PBS before treatment with four ug/mL donkey anti-rabbit IgG H&L horseradish
peroxidase (abcam, ab6802) for 1 hour as a secondary antibody. DAB
Peroxidase Substrate Kit (Vector, SK-4100) was added for 5 minutes to promote

colour visualisation by interacting with secondary antibody. Cells were washed
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three times with PBS counterstained with Harris’ haematoxylin for 30 seconds
and then washed with tap water. They then underwent a series of dehydration
steps before mounting with DPX as described in Section 2.6. Immunopositive
cells were visualised as brown when viewed using a light microscope. Positive
and negative controls were applied. In the positive control, cells were labelled
with a primary antibody, secondary antibody and DAB, whereas in the negative
control, cells labelled with secondary antibody and DAB. The percentage of
positive cells to the total number of the cells in the microscope field was counted

and analysed as described in Section 2.6.

2.8 Flow cytometry
Flow cytometry is a technique that is used to investigate the physical and

chemical characteristics of particles or cells in the fluidic system as it passes
through a laser beam or beams. Cell components are labelled with a fluorescent
dye and then excited by the laser to emit light in various wavelengths. The
fluorescence can be measured to determine the properties of cells including
number, size and fluorescent intensity of cells. The flow cytometry was set up to
assess the data, three gates were opened (dot plot, histogram and statistical
information). The standard sample was run first to determine the population of
cells that need to be measured to set up the standard for other samples. A
polygonal shape was chosen from the toolbar of the software and applied on the
aggregation of dots in dot plot gate by which included and represented the main
population of cells. From this population, the positive and negative cells were
determined by laser channels of flow cytometry. The rest of the events, such as
very large cells, dead cells and debris were excluded. Then the negative cells
were determined from the gate of the histogram by moving the vertical line to the
end of the histogram. Consequently, any cells on the left hand of the vertical line
counted as negative cells and any cells on the right hand were counted as

positive cells.

To identify the sub-population size and properties of the sample, sequential
bivariate gating was used which are two-dimensional plots as a standard method.
Based on the size of the event, threshold (of side scatter Y-axis) was set up
beforehand to reduce the noise that comes from debris. So, any particle passes

through the laser beams and has a size less than the threshold was excluded.
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The other threshold was forward scattered (X-axis threshold), in which flow
cytometry can count cells that have a minimum intensity of staining above the
level of threshold. These events (cells) represent the positive event, the other
events that reach the minimum size of the event and not reach the minimum
quantity of emitting were counted as negative cells (Cossarizza et al., 2017).
Data from each cell are determined based on their fluorescent and light
scattering. The data were presented as a single parameter histogram or plot for
the correlated parameter. However, in this study, data were present as a
histogram, because it showed the percentage of positive and negative cells and it
can confirm the data of immunocytochemistry assay as it is presented as a

histogram.

MCF-7 and MDA-MB-231 cancer cells were seed in T75 tissue culture flasks,
three replicates for each cell line. Cells were cultivated in (DMEM) (Sigma,
RNBG2424) for 48 hours. Media were discarded, and the cells were washed with
PBS (Gibco, 1786947). Cells were then detached using 0.5% trypsin in EDTA
solution (Sigma, T1426, E8008 respectively) and harvested in PBS by adding 10
mL of PBS to the T75. Cells were then collected in 15 mL Falcon tubes. Cells
were counted using haemocytometer methods as described in Section 2.4.2 and
washed three times with PBS and centrifuged at 300g for 7 minutes. They were
then fixed with 80% methanol in distilled water for 5 minutes and further washed
three times with PBS. The cells were then permeablised with 1% Triton x-100 in
PBS for 10 minutes, centrifuged at 300g for 7 minutes and washed three times
with PBS. They were then incubated with 2 ug/mL rabbit polyclonal anti-vimentin
antibody (abcam, Ab137321) and rabbit monoclonal anti-E-cadherin (phospho
S838+S840) antibody [EP913(2)Y] (abcam, ab76319) primary antibodies for 1
hour at room temperature. After which, they were washed three times with Tris
base buffer solution Tween-twenty buffer (TBST buffer) which made of dissolving
(2.4 g Tris HCI, 8 g NaCl, 1 mL of Tween 20 (Sigma, P1379-1L) in 1 L distilled
water, pH 7.6). Cells then incubated with 2 ug/mL of Alexa Fluor® 488-
conjugated goat anti-rabbit 1gG polyclonal secondary antibody (abcam,
ab150077) for 30 minutes at room temperature in the dark. The negative control
was cells labelled with neither primary nor secondary antibody. Cells also labelled

with secondary antibody only as a second negative control to be sure that is no
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false results comes from the secondary antibody (background noise). Cell
suspensions were analysed using Cytoflex 5 flow cytometry (Beckman Coulter
Company) under the wavelength 480-495 nm (FITC). Cells that pass through the
fluidic stream of Cytoflex 5 flow cytometry can be counted and separated to the
positive fluorescent cells, which can emit fluorescent light and negative, not emit
fluorescent light. The positive and negative cells were determined from the dot
plot and histogram gates of a negative control sample. By using the toolbar of
Cytoflex 5 flow cytometry programs, a polygonal shape was applied to the main
population of cells on the dot plot gate of 0 Gy and 2 Gy cells. The other dots
represent dead cells, large cells, debris, or other cells located outside the
polygonal shape. Therefore, these events have been excluded from the

percentage of positive and negative cells.

Accordingly, a histogram gate represents the cells determined by the polygonal
shape. In addition, the vertical line was brought to the edge of the histogram from
the right. From the negative control approximately, 99% of cells were negative
and assessed on the left-hand side of the vertical line of the histogram gate,
meanwhile the positive cell of the positive control was 76% (right-hand box of the
histogram). Consequently, the system (flow cytometry) showed a high efficiency
of analysis as shown in figure 2.7. The total events measured by the machine
were at least 2000 cells per each run, and each sample was analysed in 3
biological replicates. Figure 2.7 represents the percentage of negative cells (left)

and the percentage of positive cells (right).
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Figure 2.7 Sample of flow cytometry.

The blue colour in the histogram showed the main population of cells determined by the polygonal
shape. While the grey colour represents the cells that have not included under the test. The
negative cells appeared on the left hand of the histogram (V1L). While a positive cell labelled with
primary antibody have found on the right hand of the histogram.

2.9 Breast cancer stem cell labelling
To investigate whether MDA-MB-231 cells exhibited stem cell properties, cells

were seeded in T75 tissue culture flasks for 24 hours at optimum condition
culture Section 2.3. At 70% cells confluence, media was discarded, and cells
were washed with PBS and then detached by the aid of 2 ml of 0.05% trypsin in
EDTA as described in 2.4.2. Cells were collected in 10 mL PBS. Cells were then
washed, fixed and permeablised as described in Section 2.8. Cells were labelled
with four ug/mL rabbit monoclonal [EPR1013Y] to CD44 (abcam, ab51037) and 4
pug/mL rabbit monoclonal anti-CD24 antibody [EPR3006(N)] (abcam, ab179821)

at 4°C for one hours. Cells were then washed three times with PBS and then
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labelled with 2 ug/mL of Alexa Fluor® 488-conjugated goat anti-rabbit IgG
polyclonal secondary antibody (abcam, ab150077) for 30 minutes at room
temperature in the dark. Cells were washed three times with PBS. Three
replicates for each sample were performed, the negative control was also
measured by labelling MDA-MB-231 cells with 2 pg/mL Alexa Fluor® 488-
conjugated goat anti-rabbit 1gG polyclonal secondary antibody (abcam,
ab150077) only. The CD44 and CD24 positive and negative cells were
measuring using Cytoflex 5 flow cytometry (Beckman Coulter Company) under
the wavelength 480-495 nm (FITC) as described in Section 2.8.

2.10 Optimisation of the Matrigel invasion assay
A transwell co-culture system was used to investigate the invasiveness capacity

of the cancer cells. The co-culture system comprised of a 12 well plate, cover
(Corning, 3336) and 12 transwells inserts (Corning, 353182) (Figure 2.8).

Inserts

Figure 2.8 A picture showing the co-culture system of the invasion assay.

The inserts had a pore size of 8 ym and were coated with different concentrations
of Matrigel, an extracellular matrix (ECM) gel (Sigma, E6909). Three different
concentrations of Matrigel were prepared (0.5, 1.0 and 1.5 mg / mL) in serum-
free media (enabling 3 insert replicates per Matrigel concentration). 9 inserts
were aseptically added to 9 of the wells of the plate; 450 uL of each Matrigel
concentration was then used to coat three inserts (150 uL/ well (i.e. nine inserts

in total). The associated well plate cover was put on and the co-culture system
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left at room temperature to enable the Matrigel to be dry overnight. The following
morning, 1.5 mL of DMEM culture media (with serum) was added to 9 of the wells

of a12 well plate.

One mL of unirradiated MCF-7 cells (1.25 x 10°/ mL in serum-free media) was
carefully pipetted into each of the 9 Matrigel coated-inserts. The co-culture
system was incubated for 24 hours at 37°C, 5% CO,. Following incubation, the
inserts were lifted from their wells and their media carefully removed. The inserts
were then washed twice with PBS before undergoing a fixation with 3:1 methanol:
acetic acid for 15 minutes, while the wells were discarded. The inserts were then

washed three times with PBS.

The Matrigel layer and the cells that were growing on the Matrigel were removed
using a swab of cotton; the inserts were left overnight to dry. Membranes were
stained using eosin stain (Sigma, R03040) for 5 minutes and then washed in tap
water and then stained with Harris’ haematoxylin (Sigma, HHS16). Membranes
were left to dry and then cut and loaded on the clean slide using DPX. All the
cells that passed through the Matrigel coat, pores of the insert and subsequently
attached to the underneath surface of the insert membrane were counted using a

Zeiss microscope viewed using a 20 x objective lens (Axioplan, Germany).

Following optimisation of the invasion assay, further experiments were
undertaken with MCF-7 and MDA-MB-231 cells to investigate the additional
bystander effects of IR, cell-conditioned media and/or exosomes. To this end,
MCF-7 and MDA-MB-231 cells were either directly X-irradiated with 0 Gy and 2
Gy or treated with cell-conditioned media (CCCM), irradiated cell-conditioned
media (ICCM), exosomes that had previously been isolated from 0 Gy and 2 Gy
media, exosome depleted media or exosomes cargo inhibition lysate as
described below in Section 2.11 and 2.12.

As previously described, cells were harvested in serum-free media and seeded
into the insert wells of a 12 well plate co-culture system (8 um) coated with 0.5
mg/mL Matrigel, A schematic of the assay is shown in Figure 2.9. The data were
calculated as this is the average of a total number of cells that invaded through
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the membrane in 30 fields of view under 10x magnification in three replicates of

three experiments.
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Figure 2.9 A schematic diagram of the Matrigel invasion assay

2.11 Bystander effect: Media transfer
MCF-7 and MDA-MB-231 breast cancer cells were subcultured in 75 cm? (T75)

tissue culture flasks for four generations. Flasks were then irradiated at 70% cell
confluence with either 0 Gy (shame-irradiation) or 2 Gy X-rays. 2 hours, 4 hours
and 24 hours’ time points following irradiation have been established as time
points for the media transfer experiments. Irradiated cell condition media ICCM
and unirradiated cells condition media CCCM were transferred to unirradiated
cells, 24 hours following incubation with CCCM and ICCM cells were stained and
counted as described above, data showed that four hours following irradiation

presented more reliable data than 2 hours and 24 hours (data not shown).

It has been proposed that some are interfering between the effect of irradiation
and the effect of extracellular vesicles and the number of cells in the flask. The
irradiation can stop cells from dividing. Meanwhile, the control group continued to
be divided, therefore the amount of the soluble factor in CCCM could be more
than ICCM following 24 hours of irradiation, and that could give wrong results. 2
hours’ time point following irradiation could be not enough for cells to produce
more exosomes following irradiation. Therefore, four hours post-irradiation has
been considered as the best time point for the rest of experiments, media transfer
and exosomes bystander experiments. Four hours post-irradiation, the
sham/irradiated media was filtered using a 0.2 ym membrane filter (Sartorius,
16534) before transfer onto samples of fresh unirradiated cells. Media from each
flask was transferred to 1 container of unirradiated cells at 70% cell confluence
(in each case, growth media had been removed from these unirradiated flasks
before being replaced with the media from either the 0 Gy or 2 Gy X-irradiated

flasks), three containers were set up for each dose. Cells were further incubated
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at 37°C, 5% CO; for 24 hours and then seeded on to coverslips in 12 well plates
for glycosylation and EMT markers assays. Three replicates per sample have

been used and three independent experiments.

2.12 Exosomes isolation and purification

2.12.1 Exosomes isolation using ultracentrifugation method
CCCM and ICCM were collected in 50 mL Falcon tubes and centrifuged at 2,000

g for 15 minutes. The corresponding supernatant was then transferred into 50 mL
sterile conical polypropylene centrifuge tubes (Alpha laboratories, CT1120) and
further centrifuged for 30 minutes at 14,000g. The resultant supernatants were
collected in 40 mL cellulose propionate tubes (Beckman Coulter, 344058) and
further centrifuged at 120,000 g for 90 minutes. The supernatant from this was
discarded, and the pellet containing the exosomes was collected in 500 pL of
PBS.

2.12.2 Exosomes purification
gEV size exclusion columns include a resin with an approximate 75 nm pore size;

therefore, small molecules and protein can enter these pores leading to
refinement of EV from other particles. Size based liquid chromatography was
used to purify exosomes. The procedure was performed following the
manufacturer’s instructions. The qEV columns were washed with 10 mL of filtered
PBS. A further 5 mL of filtered PBS was added, and the time measured for its
filtration (this should be less than 10 minutes). Following successful validation of
the column, a sample was loaded into the column. The first three mL of filtrate
was discarded, and after that 1.5 mL of filtrate aliquots, i.e. exosome fractions,

were collected. These were then stored at 4°C for future use.

2.12.3 Exosome characterisation.
The Classic Capture mode software for the gqNano machine (Izon Company UK)

was used to determine the size and concentration of exosomes, all manufacturer
instructions were followed. In brief, the ‘lower fluid cell’ was wetted with 70 uL of
the filtered gNano solution to help reduce surface tension, left for 2 minutes and
then removed. A P200 gNano membrane, with the lot number facing up, was
placed onto the holding stage and its stretch measured using callipers. The

stretch reading value was uploaded into the computer software, and the tension
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increased to 47 mm. The ‘lower fluid well' was carefully filled with 75 pL of the
filtered gNano solution. The ‘upper fluid well’ was then carefully aligned onto the
‘lower fluid well’ and locked into position. Next, 35 yL of the filtered gqNano
solution was added to the ‘upper fluid well' and the voltage adjusted to obtain a
current between 100 — 150 nA and a ‘noise’ of less than 10. The gNano was then
calibrated using calibration solution 1/1000; this was run for 30 seconds or 500
particles as a minimum, whichever occurred first. Following calibration, the
samples were run three replicates/sample. The results were analysed using the

gNano software as shown in Figure 2.10.

= Exosome characterisation using qNano

Total exosome (A-Mayah, 2015) .
isolation reagent
GEV column Transfer exosomes to fresh

cancer cells

Figure 2. 10 A schematic diagram showed exosome purification and
characterisation

2.12.4 Bystander effect: Exosome transfer
MCEFE-7 cells and MDA-MB-231 breast cancer cells were seeded in T175 tissue

culture flask. Cells were irradiated with 0Gy and 2 Gy X-irradiation, after 24 hours
following irradiation exosomes were isolated using ultracentrifugation method
Section 2.12.1. Exosomes were collected in 500 uL of PBS. Exosomes that were
isolated from irradiated and unirradiated cells were transferred (50 pL for each
well and 500 pL for each flask- according to the relative area) to MCF-7 cells and
MDA-MB-231 fresh breast cancer cells were seeded on coverslips in 12 well
plates, or in T175 tissue culture flasks respectively, three replicates per irradiation
and control group. Cells were incubated under the normal culture condition for 24
hours post-treatment. Cells were then analysed for glycosylation, EMT markers

and invasiveness, as described in Sections, 2.6, 2.7 and 2.10 respectively.

2.12.5 Bystander effect: Exosome depleted media transfer
MCF-7 and MDA-MB-231 cells were seeded in individual 175 cm?® (T175) tissue

culture flasks. Both cell lines were subcultured for 4 populations doubling (PD),

before irradiation with 2 Gy X-rays. After 4 hours, exosomes were isolated as
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described in Section 2.12.1.ii. The resultant supernatant was then transferred to
unirradiated cells in T75 culture flasks and incubated for 24 hours cells. The cells
were then analysed for glycosylation, EMT markers and invasiveness as

described in Sections 2.6, 2.7, and 2.10 respectively.

2.12.6 Bystander effect: Exosomes cargo inhibition and transfer
MCF-7 and MDA-MB-231 cells were cultured in T175 tissue culture flasks and

incubated until 70% confluent. The containers were then irradiated with either 0
Gy or 2 Gy X-rays and re-incubated at 37 °C. 4 hours post-irradiation, the
unirradiated control condition media (CCCM) and irradiated cell condition media
(ICCM) were collected from the flasks and processed for exosome isolation,
using the ultracentrifugation method (described in Section 2.12.1.ii). Exosome
pellets from CCCM and ICCM were each collected in 3 mL of distilled water and
further divided into three fractions. For each irradiation treatment (0 Gy / 2 Gy),
fracton no. 1 was treated with 30 pg/mL RNase-A (Sigma,
000000010109142001) and incubated in a 37 °C water bath for 30 minutes.
Fraction no. 2 was incubated in a 100 °C water bath for 10 minutes. Fraction no.
3 was treated with RNase-A (30 pg/mL), incubated for 30 minutes in a 37 °C
water bath and then transferred to a 100 °C water bath for 10 minutes.

All three fractions of exosomes were then added to corresponding flasks or 12
well plate of unirradiated MDA-MB-231 or MCF-7 cells, at 70% cell confluence.
The flasks or 12 well plates were then incubated at 37 °C for 24 hours, and
samples of each cell type were analysed for, glycosylation and EMT markers and

invasiveness as described in Sections 2.6, 2.7 and 2.10 respectively.

2.13 Quantitative analysis of candidate genes associated with
invasiveness
Quantitative polymerase chain reaction (qQPCR) is an assay used to measure the

change in the candidate genes expression as presented in Table 2.1 and 2.2, by
using the linearity of DNA amplification to determine relative or absolute
quantities of a known sequence in a sample by using a fluorescent reporter in the
reaction. To determine the DNA expression in a known sample, firstly the total
RNA was isolated and then complementary deoxyribonucleic acid (cDNA) was

made as a template for qPCR.
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Table 2.1The primers used to determine genes expression pre and post-direct

irradiation and pre and post-exosome transfer.

The primer Orientation Primer sequences (5’-3’)
Vimentin Forward ATGGCTCGTCACCTTCG
Reverse AGTTTCGTTGATAACCTGTCC
E-cadherin Forward ACGCATTGCCACATACA
Reverse CGTTAGCCTCGTTCTCA
GalNAc-T6 Forward AGAGACAGGGCAGAGGGTAG
Reverse CCTTTGTCATGGCATCCCCT
TGFB-1 Forward TAAAGGGTCTAGGATGCGCG
Reverse GACTTTTCCCCAGACCTCGG
Slug Forward AGCAGTTGCACTGTGATGCC
Reverse ACACAGCAGCCAGATTCCTC
Snail Forward AATCGGAAGCCTAACTACAGCG
Reverse GTCCCAGATGAGCATTGGCA
ZEB 1 Forward TCCCTGCCAAGAACAATGATCA
Reverse AGGTGATGGGGATGGTGTACTA
Twist Forward ACAGCCGCAGAGACCTAAAC
Reverse GGCCTGTCTCGCTTTCTCTT
MMP-9 Forward ACTCGGCTAACCCTCTTCCT
Reverse ACTCAGAATCTCACCGACGC
Act-B-1 Forward TGACCCAGATCATGTTTGAGA
Reverse TACGGCCAGAGGCGTACAGC

Table 2.2 The primers of candidate miRNAs.

The primer Orientation Primer sequences (5’-3’)

has-Let -7a Forward GGGGCTAATACTGCCTGGTAA
Reverse TTCACAATGCGTTATCGGATGT

has-miR200b | Forward GTTAGAATTAGGGTTTTTGGGGAGG
Reverse ACCTATCAAACTTCTCAATATAAAC

has-miR-30a Forward GGGATTCTGAAGGTGGGTGG
Reverse AAGAGAGGCAGCTTTCACCC

has-miR-9a Forward CCAAGCTTATAAGTGAGCGCATTC
Reverse CGGAATTCGTGTTGGAGAACAGCA
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2.13.1 RNA isolation
MCF-7 and MDA-MB-231 cells were cultured in 75 cm? (T75) tissue culture flasks

under optimum conditions of 37°C, 5% CO, and 95% humidity. Cells were
irradiated with 2 Gy X-ray at 70% confluence. Sham-irradiated cells (0 Gy X-
irradiated) were established in parallel as a control group. RNeasy Mini kit (50)
(QIAGEN, 74104) was then used to isolate total RNA as described below.
Briefly, cells were collected after 4 hours of irradiation in 15 mL Universal tubes
and centrifuged at 300 g for 5 minutes. The supernatant was discarded, and the
cell pellet(s) flicked to create single cell suspensions. Ten mL of PBS was then
added and the tubes were re-centrifuged at 300 g for 5 minutes. The supernatant
was discarded, and the cells re-suspended in 350 uL of the RLT buffer (cell
concentrations less than 5 x 10°). Each lysate was then homogenised by
passing through individual 20-gauge needles five times. 1 volume of 70% ethanol
was then added to the homogenised lysate and mixed by pipetting. 700 uL of
each sample, including any precipitate, was transferred to an RNeasy spin
column. The lids were gently closed, and the columns centrifuged for 15 seconds
at 8,000 g. The supernatant was discarded, and 700 pL of RW1 buffer was added
to each RNeasy spin column, the lids were closed, and the columns centrifuged
at 8,000 g to wash the spin column membrane. The flow-through was discarded,
and 500 pL of RPE buffer was added to the columns. The lids were again closed,
and columns centrifuged for 15 seconds at 8,000 g. The flow-through was
discarded, and 500 pL of RPE buffer was then added to the columns. Again, the
lids were closed, and the columns centrifuged for 2 minutes at 8,000 g. The
columns were then transferred into new 1.5 mL collection tubes, at which point,
30-50 uL of RNase-free water was added directly onto the spin columns
membrane. The columns were centrifuged for 1 minute at 8,000 g, and the total
collected RNA was measured using NanoDrop One (Thermos Scientific
Company).

2.13.2 RNA treatment with DNase 1

Isolated RNA was treated with DNase 1 (Sigma, AMPD1-1KT) to remove any
remaining DNA in the samples. To this end, eight pL of isolated RNA was gently
mixed with one pL of 10 x reaction buffer and one pyL of DNase 1 (amplification

grade 1unit /uL) in 1.5 pL Eppendorf tubes. The tubes were incubated for 15
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minutes at room temperature, and then one pL of stop solution was added. All
samples were then the incubated at 70°C for 10 minutes and then directly

transferred to ice.

2.13.3 Formation of cDNA
The concentration of RNA in the samples post DNase-1 treatment was

determined by iScript cDNA synthesis kit 170 (Bio-Rad, 8891) and NanoDrop
One (Thermos Scientific Company). Briefly, 4 uL of 5x iScript Reaction Mix was
mixed with 1 yL of iScript Reverse Transcript, 1 yL of RNA sample (500 ng / pL)
and nuclease-free water in 0.5 mL Eppendorf tubes (total volume of specimen: 20
ML). The complete reaction mix was then incubated in a Thermal cycler set at the
following parameters: 25°C for 5 minutes, 46°C for 20 minutes, 95°C for 1 minute,

held for 4 minutes.

2.13. 4 Master Mix
iTag Universal SYBR Green Supermix (Bio-Rad, 1715122) was used to measure

the expression of candidate genes. The associated qPCR kit protocol was
followed. Briefly, 10 pyL of iTaq Universal SYBR Green Supermix was mixed with
1 uL of cDNA 500 ng/pL, 2 pL of primers (forward and reverse) and 7 pL of
nuclease-free water. Three replicates were performed for each sample. Plates
were sealed and centrifuged at 1000 rpm for 2 minutes using Labnet MPS 1000
Mini Plate Spinner. Samples were then incubated in a Thermal cycler (QPCR Bio-
Rad) set at the following parameters: 95°C for 2 minutes, 95°C for 10 seconds
and 60°C for 30 seconds x39 cycles. Finally, the collection was captured again
for 5 seconds to measure the melting point for each primer. Cq data were
displayed/analysed using the gPCR software. Further analysis was applied from

a standard curve.

2.13.5 Relative Standard Curve
With each qPCR experiment, a series of known cDNA concentrations were made

to generate the relative standard curve for the experiment. Cq values of standard
samples were applied onto the Microsoft excel sheet according to the
concentrations of cDNA. Microsoft excel displayed an equation in order to
measure the unknown concentrations measuring by gqPCR according to their Cq
values. R-squared, which is the best fit of the regression line (the closer to 1,

means the better fit line passes through all of the points) was also generated.
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In Figure 2.11, Microsoft Excel software was used to generate the equation
(y=2E-06x + 0.0276) according to the cDNA concentrations of standard samples
and their inverted Cq values. The correlation between the Cq values and the
cDNA concentrations was calculated according to equation 2 (R-squared
0.9893). The unknown sample concentrations of candidate gene expression were

calculated as below:
y=2E-06x + 0.0276

As y is the inverted Cq value measuring by the qPCR; x is the gene expression

concentration.
Cqsampie)= 2 X 10 x gene expression concentration + 0.0276
Gene expression concentration = (Cqsample) — 0.0276)/ 2 x 10®

Table 2.3 The standard concentration of the target gene loaded to the qPCR, Cq
and their inverse Cq.

The table showed the standard concentration of target gene expression, the quantitation cycle
(Cq) of each concentration and the inverse of Cq. From the concentration of gene and the inverse
Cq. The relative standard curve can be plotted and then the concentration of known gene
expression can be calculated from equation 2.

CON.(ng/ul) | 105.67 586.3 1172.6 1758.9 2287.9
Cq 36.11022 34.71023 33.10092 | 31.91232 31.21233
inverse Cq | 0.027693 0.02881 0.030211 | 0.031336 0.032039
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Figure 2. 11 Standard Curve of control candidate gene
Candidate genes expression were measured using the formula,

(Gene expression concentration = (Cqsampie) — 0.0276)/2 x 10®)

2.14 Western blot assay

2.14.1 Cells lysate
MCF-7 and MDA-MB-231 cells were seeded in T75 culture flasks for 4 PD. Cells

were irradiated with either 0 Gy or 2 Gy X-rays at 70% cell confluence. Cells were
collected as described in Section 2.4.2. Irradiated and unirradiated cells pallet
were lysed in proteinase inhibitor (Sigma, P8340-1ML) and RIPA lysis buffer
(Sigma, 20-188) 1:10 dilution, 100 pL for each 1 x 10° cells. Total protein
concentration from irradiated and unirradiated cells was measured using BCA
assay or Bradford method, as described in Sections 2.14.2 and 2.14.3

respectively.

2.14.2 Protein concentration using BCA assay
Complete protein isolation BCA kit (ThermoFisher Scientific, 23235) was used to

measure the total protein in irradiated and unirradiated cell lysates. Master Mix
was made of Reagent A (50 pL), Reagent B (48 uL) and Reagent C (2 uL)
according to the kit procedure. 10 yL of each sample was mixed with 10 uL of
working solution (master mix). In parallel, a 10 pL of various standards (2000,
1500, 1000, 750, 500, 250, 125 pg/mL) of bovine serum albumin kit
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(ThermoFisher Scientific, 23235) also mixed with 10 yL of working solution. The
tubes were incubated at 60°C for 1 hour. The total protein concentration was
detected using the NanoDrop One machine (ThermoFisher). Firstly, albumin
standards were measured to enable a standard curve to be created, and the total
protein from 0 Gy and 2 Gy irradiated cells were calculated from the curve in

Microsoft Excel software (Figure 2.11).

2.14.3 Protein concentration using Bradford reagent method
Total protein concentration was measured using the Bradford method. Bovine

serum albumin, BSA kit (ThermoFisher, 23208) was used to detect the total
amount of protein in samples. Standard concentrations of BSA were made (2000,
1000, 500, 250, 125, 62.5, 31.25, 0 ug/mL). Five pyL of each standard
concentration and the samples (from 0 Gy and 2 Gy irradiated cells) were
transferred to a 96 well plate in triplicate. 45uL of Bradford reagent (Sigma, 6916)
was then added to each well. The concentration of protein was measured using
the Spectra Max i3x plate reader (Molecular Devices Company) under 595nm
wavelength, the unknown protein concentrations were calculated using Microsoft

Excel software (Figure 2.12).

For example, the unknown sample concentrations of proteins were calculated as
below:

y=0.0003x + 0.1006

As vy is the absorbance of fluorescent light; x is the protein concentration.
Absorbance = 3 X10™ x protein concentration + 0.1006

Protein concentration = (Absorbance — 0.1006)/ 2 x 3x10™ @)

Table 2.4 Standard proteins concentration and its absorbency under the 595nm.

Standard 0 31.25 62.5 125 250 500 1000 | 2000
protein con.

pg/ml

Absorbance | 0.341 0.379 | 0409 | 0.448 | 0516 | 0.628 | 0.861 | 1.247
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Figure 2.12 Standard Curve of bovine albumin protein using the Bradford method

The total proteins concentrations in the irradiated and unirradiated cells were measured.
Exosomal proteins that were isolated from irradiated and unirradiated cells also were measured
using the formula (Protein concentration = (Absorbance — 0.1006)/ 2 x 3x10-4).

Working from equation (3), 20 ug of each sample were transferred to each well of
A mini-protean TGX stain-free gel (Bio-Rad, 456-8126) and then run in

electrophoresis tank as described below in the Section 2.14.4.

2.14.4 Western blot procedure using the G2 Fast Blotter
Working running buffer was made by adding 100 mL of 10x Tris/ glycine/SDS

buffer (Bio-Rad, 161-0732) to 900 mL of deionised water (final concentration of
1x solution: 25 mM Tris, 192 mM glycine and 0.1% (w/v) SDS, at pH 8.3).

2x loading buffer with DL-dithiothreitol (DTT) was then prepared. Briefly, 2mL of
RunBlue LDS sample buffer (4x) (Expedeon, NXB31010) was mixed with 200 uL
of 1 M of (DTT) solution (Sigma, A3816-50ML) and 1.8 mL of distilled water. 20
Mg of each sample was then mixed with 15 yL of 2x loading buffer with DTT, and
these were then heated at 70°C for 5 minutes to denature the protein. A mini-
protean TGX stain-free gel (Bio-Rad, 456-8126) was placed in electrophoresis
tank facing inwards. The tank was then half filled with 1x running buffer. 5 uL of
rainbow molecular weight marker (Amersham, GERPN80OE) was loaded into one
well of the gel. The denatured protein samples were then loaded into the other
wells of the gel. The volumes of samples were loaded depending on the total
protein concentration, a 20 ug of proteins were added to each well. A blank
sample, loading buffer was considered as a negative control. Once all samples
had been charged, the tank was then filled to the maximum mark with 1x running

buffer. It was then run initially at 100 V for 10 minutes, and then increased to 160
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V for 1 hour or until the sample had reached the end of the gel. A piece of
polyvinylidene difluoride (PVDF) blotting membrane (Amersham, 10600090) was
left to activate in methanol for 20 seconds and then rinsed in Transfer Buffer.
Four sheets of western blotting filter papers (Thermo Scientific Pierce, 84783)
were also pre-wet in transfer buffer. Two of them were then placed on the bottom
plate of the G2 blotting cassette. They were then rolled to ensure that no air
bubbles resided between them, which would otherwise result in a poor transfer of
the gel. The pre-wet PVDF blotting membrane was then placed on top of these

two filter papers.

The run gel was then removed from the electrophoresis tank and carefully
removed from its plate. It was dipped into transfer buffer to remove the extra gel
and then placed on the PVDF membrane and covered with the last two pre-wet
filter papers. The lid of the G2 blotting cassette was then locked, and the blotter
runs on Mixed Range MW program for 7 minutes using G2 Fast Blotter (Thermo-

scientific) as shown in Figure 2.13.

lid
Whatman papers

Gel
membrane

Whatman papers
lid

Figure 2.13 Schematic diagram shows the principle of western blot

The proteins in the gel transferred to the PVDF membrane using G2 Fast Blotter because the
protein in the PVDF merman easily to plot and visualised as bands using (ChemiDoc™ MP
imaging system Bio-Rad) with a 16-bit CCD camera.

Following the transfer of proteins from gel to the membranes were completed, the
PVDF membrane was transferred directly for 1 hour to 5% BSA / TBST blocking
buffer, which made by dissolving 5 g of BSA (Sigma, A2153-50G) in 100 mL
TBST buffer. Following incubation with BSA / TBST blocking buffer, the
membrane was incubated with a certain concentration of primary antibodies (0.5
Mg/uL of TGF-B-1, 2 ug/uL anti-vimentin antibody and 0.5 pg/uL anti-E-cadherin
antibody) (abcam, ab179695, ab137321 and ab76319) respectively overnight at
4°C on a rolling mixer. The membrane was then washed three times with TBST
buffer and then incubated with 2 pg/uL of secondary antibody (abcam, ab150077,

84



Alexa Fluor 488 goat anti-rabbit) for 1 hour in the dark at room temperature. It
was then washed with TBST buffer. Protein bands were detected using (Bio-Rad

ChemiDoc™ MP imaging system) with a 16-bit CCD camera.

2.14.5 Western blot quantification
Quantitative analysis of western blots was used to detect specific proteins and

measure the relative change in their quantity following ionising irradiation
compared to unirradiated samples. The results of western blot were analysed
using Image lab software which enabled measurement of the optical density of
the target band. The signal of the unirradiated band (0 Gy) for all endpoints were
taken as standard and then a measurement of other bands was made in relation
to this for each irradiation group / end-point. For example, the standard band of
vimentin at 0 Gy gave a result of 1. Subsequent measurements of bands from
each irradiated groups were thus determined by comparison to the relevant
standard, i.e. higher, lower or equal to the standard. Histograms of all data were

created, representing densitometry data drawn from blot images.

2.15 Statistical methodology
Apoptotic, glycosylation and EMT data including flow cytometry were presented

as a percentage of apoptotic, glycosylation and EMT-positive cells (number of
apoptotic, HPA, or EMT-positive cells to the total number of cells), these data
represent nonparametric data. While comet assay data was demonstrated as a
median. An average of the total number of invasive cells for 3 biological replicate
experiments represented the invasion assay. gPCR and western blotting results
were presented as mean + SEM, as these data represent parametric data.

The raw data of the experiments above were subjected to the statistical analyses
as following: Glycoprotein detection, immunocytochemistry, flow cytometry,
viability, ROS and invasion assay results were subjected to Fisher's exact test
using Minitab software; whereas comet assay data were analysed using the
Mann-Whitney test (SPSS software). gPCR assay and western blot assay were
subjected to the Student t-test.
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Chapter 3

Effect of ionising radiation on glycosylation, EMT markers and invasive
capacity of epithelial breast cancer cells

3.1 Introduction

As described previously in Section 1.6, IR is high energy radiation that causes
the release of ions via interaction of atoms in the medium, resulting in the DNA
damage of irradiated cells (Hall and Giaccia, 2012; Azzam, Jay-Gerin and Pain,
2012).

DNA damage can lead to cell death, chromosomal aberrations and genetic
mutation (Biedermann et al., 1991; Bodnarchuk, 2003; Borrego-Soto, Ortiz-Lopez
and Rojas-Martinez, 2015). Moreover, cells exposed to ionising radiation can
generate ROS leading to oxidative damage to the membrane of the cells, and it
has a consequent role in cell stress and apoptotic cell death (Mishra, 2004;

Azzam, Jay-Gerin and Pain, 2012).

The effects of radiation on DNA molecules can induce irreversible changes in the
DNA structure, which impact cancer treatment through inducing senescence and
apoptosis (d'Adda di Fagagna et al.,, 2003). However, cancer cells can repair
DNA damage by inducing DNA repair machineries such as CHRK1, CHRK2, and
p53 pathways (Bartek and Lukas, 2003; Reinhardt and Yaffe, 2009). These
mechanisms could enhance cancer chemo-resistance and radio-resistance to
therapy. It has also been reported that low dose of IR increases TGF-f3
expression in human keratinocyte U937 cells (Sekihara et al., 2018). Therefore,
change in the level of cytokines following IR may have a role in EMT and
glycosylation of cell surface protein and invasion of cancer cells, and that needs

to be addressed.

Glycosylation is a post-translational modification of the protein (Boscher, Dennis
and Nabi, 2011; Varelas, Bouchie and Kukuruzinska, 2014) by addition of
carbohydrate (glycan) to the amino acid residue in the polypeptide chain (Gill et
al., 2013). Glycosylation has an essential role in the physiological and
developmental process of an organism (Ungar, 2009). For example, O-glycan
thought to be mediated cell adhesion to a specific receptor in the endothelial cells

such as leukocyte rolling and lymphocyte homing (Acheson, Sunshine and
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Rutishauser, 1991). A study in Core 1 O-glycans showed an impact of
glycosylation on cancer development and metastasis including epithelial-
mesenchymal transition (Magalhaes, Duarte and Reis, 2017). The change in
mucin-type O-glycosylation frequently associated with a change in the presence

of Tn antigen in the cell surface mucin, as described in details in Section 1.5.6.

As described in section 1.5.4, an aberration in O-Linked glycosylation represents
the key factor in the alteration in cell-cell communication, which has an impact on
cancer cells behaviour and metastasis (ltkonen and Mills, 2013). O-linked
glycosylation can be detected by HPA (Fukutomi et al., 1989; Brooks et al., 1993;
Lescar et al., 2007; Arab et al., 2010).

Moreover, changes in sialylation are also associated with alteration in O-linked
glycosylation as described in Section 1.5.3. SNA is a lectin, that is often used as
a tool to detect a-2,6 and a-2,3 linked sialic acid (Mehta et al., 2016).

N-glycosylation which is another type of protein glycosylation synthesis during the
stage of translation by adding glycan to the amino group of asparagine residue of
the peptide chain (Oliveira-Ferrer, Legler and Milde-Langosch, 2017). Aberrant in
N-glycosylation frequently associated with cancer metastases. UDP-N-
acetylglucosaminephosphotransferase which is an enzyme controlled N-
glycosylation of E-cadherin and expressed by DPAGT1 gene. An increase in the
expression of DPAGT1 usually associated with an increase in N-glycosylation of
E-cadherin and decrease in the cell-cell interaction (Sengupta et al., 2013), as
results induce EMT, invasion and metastases of gastric cancer (Pinho et al.,
2013). PHA-L lectin can detect N-glycosylation in the protein. The changes in
protein glycosylation notably associated with cancer metastasis and also altered
the expression of several factors including E-cadherin and vimentin which
contribute to EMT (Magalhaes, Duarte and Reis, 2017).

As described in section 1.3.1, E-cadherin is responsible for maintaining the
normal structure of epithelial tissues by maintaining the polarity of the cells and
increasing cell-cell adhesion (Tiwari et al., 2012). Several genes and factors
contribute to downregulation of E-cadherin, such as TWIST, SNAIL, and SLUG
(Huber, Kraut and Beug, 2005; Zhao, Wu and Zhou, 2011). Over-expression of
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SNAIL1 gene can induce mesenchymal markers such as N-cadherin and
vimentin which have important roles in the metastatic behaviour of cancer cells
(Baum, Settleman and Quinlan, 2008; Warzecha and Carstens, 2012). N-
cadherin which is cell membrane adhesion molecules can mediate cell adhesion
and also could play an essential role in the invasive of cancer cell (Hazan et al.,
2000). They transferred N-cadherin to MCF-7 cells, resulting in the efficiently of

adhesion and the number of invasive cells through Matrigel has been increased.

Vimentin has been recognised as an essential component in the cells which can
regulate EMT, accordingly induces migration and invasion of cancer cells
(Kokkinos et al., 2007; Zhu et al., 2011Db). It has also been reported that IR can
promote EMT markers (Hu et al., 2018), by an increases the induction of ROS, as
described in Section 1.6.1.i, which could have an impact on TGF-3-1 expression
(lizuka et al., 2017). The latter is frequently involved in the regulation of SLUG,
SNAIL, ZEB, TWIST and MMP gene expressions, resulting in changes in the
morphology of cancer cells, i.e. a transition from epithelial to mesenchymal (Yu et
al., 2015).

The role of IR on the invasive capacity of breast cancer cells linked with changes
in glycosylation and EMT markers have previously not been explored. Therefore,

this study was set up to address these factors by focusing on two:
Aim 1:

1-Optimise experimental conditions, i.e. growth rate, labelling for glycosylation
markers (HPA, SNA and PHA-L), EMT markers (vimentin, N-cadherin, E-
cadherin) and Matrigel concentration in 3 different breast cancer epithelial cell
lines (MCF-7, ZR75-1 and BT474).

Aims 2:

1- Study the effects of IR on DNA damage using the comet assay and apoptosis

measurement.

2- Measure cell viability and ROS formation in the cells following irradiation.
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3- Determine the correlation between HPA, vimentin, E-cadherin and invasive

capacity of MCF-7 cells following IR.

4- Determine the candidate genes expression that is associated with the invasive

capacity of MCF-7 cells.

5- Determine protein expression following IR and which is associated with the

invasive ability of MCF-7 cells.

3.2 Results

3.2.1 Part (a): Optimisation of glycosylation, EMT markers and Matrigel
condition and concentration.

3.2.1.i Growth rate of cells

To investigate the growth rate of breast cancer cells displaying differing
metastatic phenotypes, MCF-7 (moderate metastatic cells), ZR75-1 (low
metastatic cells) and BT474 (non-metastatic cells) were propagated for 20
populations doubling (PD). Prior to subculture, each cell line was routinely
counted using haemocytometer method as described in section 2.4.2 and seeded
at an identical cell density in individually labelled T75 tissue culture flasks until 20
PD. The cumulative PD for each cell line was then calculated according to the

PD-equation “3.”

o Duration * log(2)
Doubling time = : : — : ~(3)
log(final concentration)- log (initial concentration)

(Roth, 2006). The cumulative population doubling is the summation of previous

cumulative PD + population doubling.

The cumulative PD results showed that the MCF-7 cells had higher growth rate
and shorter population doubling compared to ZR75-1 and BT474 cells, as shown
in Figure 3.1; MCF-7 was shown to have a PD of 24 hours; whilst ZR75-1 and
BT474 cell lines had PDs of 26 and 28 hours, respectively.
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Figure 3.1 The Growth rates of MCF-7, ZR75-1 and BT474 cell lines

MCF-7 cells showed a higher growth rate compared to ZR75-1 and BT474 cells after 20
population doublings (PD). MCF-7 was shown to have a PD of 24 hours; whilst ZR75-1 and
BT474 cell lines PD times were 26 and 28 hours respectively, resulting in an insignificant
difference in the number of cells at 24 days in all 3 cell lines. The data presented as a total
number of cells + the SEM of three independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.1.ii HPA lectin labelling
The lectin-biotinylated technique was used to detect HPA positive cells as

described in Section 2.6. MCF-7 showed a significant (p<0.0001) high
percentage (78%) of HPA detecting (positive) cells compared to the ZR75-1 and
BT474 cell lines (Figure 3.2). While ZR75-1 showed a significant (p<0.0001)
higher percentage (70%) of HPA positivity than BT474 detecting cells (64%).
Data suggest that MCF-7 has greater HPA positivity than ZR75-1, which in turn is
greater than BT474 cells.

91



e e A

90 -
80 -
70 -

e

el

60 -
50
40 -
30 -
20
10 -

Percentage of HPA positivity

MCF-7 ZR75-1 BT474

B MCF-7 ZR75-1 BT474

Control

HPA
positive

Figure 3.2 Percentage of MCF-7, ZR75-1 and BT474 positive cells with HPA
detecting GalNAc-glycans.

The results showed a significant (p<0.0001) increase in the percentage of MCF-7 cells labelled
with HPA lectin compared to ZR75-1 and BT474 cells (Panel A). Panel B shows a representation
of cells that are positive and negative to HPA. The large arrow pointed to a positive cell, i.e. cells
appear brown, while the small arrow represents negative cells, i.e. cells appear blue. The
negative control in these pictures, cells were not labelled with HPA lectin. The data presented as
a percentage + the SEM three independent experiments; (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.1.iii SNA lectin labelling
Using the Lectin-biotinylated technique with SNA lectin to detect sialic acid as

described in Section 2.6. MCF-7 cells were shown to have a significant
(p<0.0001) decrease (46.34%) in SNA positive cells compared to ZR75-1
(65.68%) and BT474 (59.63%) cells (Figure 3.3).
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Figure 3.3 Percentage of MCF-7, ZR75-1 and BT474 positive cells with SNA
lectin to detect sialic acid.

The results showed a significant (p<0.0001) increase in the percentage of ZR75-1 and BT474
cells that were labelled for the binding of SNA compared to MCF-7 cells (Panel A). Panel B shows
a representation of cells that are positive and negative for SNA labelling. Large arrows represent
positive cells, i.e. cells appear brown; whilst small arrows represent negative cells, i.e. cells
appear blue. The negative control in these pictures, cells were not labelled with SNA lectin. The
data presented as a percentage + the SEM of three independent experiments. (*p<0.05, **
p<0.001, *** p<0.0001).

3.2.1.iv PHA-L lectin labelling

The lectin-biotinylated technique was used to detect N-linked glycosylation in
breast cancer cells, as described in Section 2.6. ZR75-1 and BT474 cell lines
both showed a significant (p<0.0001) increase (64.79%) and (60.98%)
respectively in PHA-L positivity compared to MCF-7 cells (27.48%), as presented
in Figure 3.4.

93



90

80 -

70 | ook Rokok

60 -
50 -
40

30 -

20 -

Percentage of PHA-L positivity

10 -

MCF-7

BT474

BT474

Control

PHAL
positive

Figure 3.4 Percentage of MCF-7, ZR75-1 and BT474 positive cells with PHA-L
lectin detecting beta 1,6 branching N-glycans.

The results showed a significant (p<0.0001) increase in the percentage of ZR75-1 and BT 474
cells that were labelled for PHA-L lectin binding compared to MCF-7 cells (Panel A). Panel B
shows a representation of cells that are positive and negative for PHA-L binding. The large arrows
represent positive cells, i.e. cells appear brown; while small arrows represent negative cells, i.e.
cells appear blue. The negative control in these pictures, cells were not labelled with PHA-L lectin.
The data presented as a percentage + the SEM of three independent experiments. (*p<0.05, **
p<0.001, *** p<0.0001).

3.2.1.v EMT markers (vimentin, E-cadherin, N-cadherin) levels in the
experimental cells
Immunopositivity technique has been used to detect the vimentin, N-cadherin and

E-cadherin positive cells as described in Section 2.7. Data showed both MCF-7
and BT474 cell lines showed a significant increase in vimentin immunopositivity

(p=<0.0001) compared to the ZR75-1 cells. A higher number of vimentin positive
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cells were observed in MCF-7 (68.6%) than that observed in BT474 (47.4%),
although BT474 cells were shown to have a higher number of vimentin positive
cells than ZR75-1 cells (59.4%) as shown in Figure 3.5.

N-cadherin immunopositivity was significantly greater in both MCF-7 cells and
ZR75-1 cells (p<0.0001 and p=<0.05 respectively) compared to BT474 cells, as

shown in Figure 3.6.

Conversely, ZR75-1 and BT474 cells demonstrated a significantly higher level of
E-cadherin immunopositivity (p<0.0001) compared to MCF-7 cells. Both ZR75-1
and BT474 interestingly showed a similar percentage of E-cadherin

immunopositivity (89% and 88% respectively), as shown in Figure 3.7.
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Figure 3.5 Percentage of vimentin immunopositivity in MCF-7, ZR75-1 and
BT474 cells.

The results showed a significant increase in the percentage of vimentin immunopositive cells in
both MCF-7 and BT474 (p<0.0001) lines compared to ZR75-1 (Panel A). Panel B shows a
representation of cells that are positive and negative for vimentin. The large arrow represents
positive cells, i.e. cells appear brown, while the small arrows represent negative cells, i.e. cells
appear blue. The negative control in these pictures, cells were not labelled with an anti-vimentin
antibody. Data presented as a percentage + the SEM of 3 independent experiments. (*p<0.05, **
p<0.001, *** p<0.0001).
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Figure 3.6 Percentage of N-cadherin immunopositivity in MCF-7, ZR75-1 and
BT474 cells.

The results showed a significant increase in the percentage of N-cadherin positive cells in MCF-7
cells (p<0.0001) compared to BT474. The results also show that MCF-7 cells demonstrated a
significant (p<0.05) increase in the percentage of N-cadherin positive cells compared to ZR75-1
(Panel A). Panel B shows a representation of cells positive and negative for N-cadherin. The large
arrows represent positive cells, i.e. cells appear brown; while the small arrows represent negative
cells, i.e. the cells appear blue. The negative control in these pictures, cells were not labelled with
an anti-N-cadherin antibody. The data presented as a percentage + the SEM of three
independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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Figure 3.7 Percentage of E-cadherin immunopositivity in MCF-7, ZR75-1 and
BT474 cells.

The results showed a significant (P< 0.0001) increase in the percentage of E-cadherin
immunopositive cells in both the ZR 75-1 and BT 474 cells compared to MCF-7 cells (Panel A).
Panel B shows a representation of cells that are positive and negative for E-cadherin. The large
arrows represent positive cells, i.e. cells appear brown; whilst small arrows represent negative
cells, i.e. cells appear blue. Data presented as a percentage + the SEM of three independent
experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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3.2.1.vi Matrigel concentration
The concentration of Matrigel has been optimised, as described in Section 2.10.

Data showed that a concentration of 0.5 mg/ml of Matrigel showed significant (p<
0.0001) higher in the invasive cells compared to concentrations of 1 mg/ml and
1.5 mg/ml, as shown in Figure 3.8. The data, therefore, suggested that 0.5 mg/ml
was the optimum concentration among three concentrations that were used in the

stage of optimisation and was subsequently used in all the experiments.
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Figure 3.8 Invasive cells at a different concentration of Matrigel.

MCF-7 cells showed significant (p< 0.001) higher in the number of invasive cells (+2.8 standard
deviation) when seeded onto Matrigel at a concentration of 0.5 mg/ml compared to 1 mg/ml and
1.5 mg/ml. The data presented as a mean * the SEM of three independent experiments. (*p<0.05,
** p<0.001, *** p<0.0001).
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3.2.1.vii HPA positivity/negativity measurement in the invasive MCF7 cells
The result did not show a clear data of the HPA positivity/negativity in the upper

and lower surfaces of insert membrane, due to the overlapped cells, which were
unfeasible to be analysed and might give a false data as shown in Figure 3.9.
Therefore, these experiments were repeated using MDA-MB-231 cells as

described in chapter 5, Section 5.2.2.
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Figure 3.9 HPA positivity/negativity of invasive and non-invasive MCF-7 cells in
the upper and lower surface of the insert membrane of Matrigel co-culture
system.

Cells were overlapped, in particular, the upper surface of the insert. Therefore, the result of this

experiment had not been considered in this study.

3.2.2 Part (b): irradiation experiments
In Section 3.2.1, the experiments concentrated on the optimisation of the

experimental conditions prior to irradiation experiments. This part of the study
was designed to investigate the effect of ionising irradiation (IR) on the viability,
ROS, DNA damage, apoptosis, HPA positivity, EMT markers, invasive, genes

and protein expression of MCF-7 cells.

3.2.2.i Cell viability
MCF-7 cells were exposed to either 0 Gy (Control) or 2 Gy X-rays. 4 hours

following X-irradiation, the viability of the MCF-7 cells was measured using a
Muse cell analyser described in Section 2.5.1. Cells showed a significant
decrease (p< 0.0001) in the percentage of viable cells in the 2 Gy group
compared to the 0 Gy / control group (48.6% and 81.8%, respectively). Likewise,

the percentage of dead cells was correspondingly significantly increased (p<
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0.0001) in the irradiated MCF-7 cells compared to 0 Gy irradiated cells (51.4%

and 18.2%, respectively), as shown in Figure 3.10.
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Figure 3.10 Cell viability following 0 Gy / Control and 2 Gy X-irradiation
MCEF-7 cells showed significant (p< 0.0001) decrease in the percentage of viable cells following 2

Gy X-irradiation compared to 0 Gy X-irradiation. The data presented as a percentage + the SEM
of three independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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3.2.2.ii Reactive oxygen species (ROS*/ ROS’)
Muse cell analyser was used for measuring ROS in irradiated and unirradiated

cells post 30 minutes of IR as described in Section 2.5.2. Data showed a
significant (p<0.0001) increase in the percentage of ROS® in MCF-7 2 Gy
irradiated cells compared to that observed in the 0 Gy / control group (73% and
56%, respectively). In contrast, the percentage of ROS™ cells was shown to have
significantly decreased (p<0.0001) following 2 Gy X-irradiation compared to 0 Gy
(25.8% and 35.53%, respectively) as shown in Figure 3.11.
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Figure 3.11 Percentage of ROS™ and ROS" in MCF-7 cells 30 minutes post
irradiation.

Cells showed a significant (p<0.0001) increase in the percentage of ROS" in irradiated cells
compare to control group (+0.5) SD. The data presented as a percentage + the SEM of three
independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.2.iii DNA damage in MCF-7 breast cancer cells post ionising irradiation
Total DNA damage was measured in the MCF-7 cells using Comet assay as

described in Section 2.5.3. Cells showed a significant increase (p<0.001) in the
percentage of DNA in the comet tail indicating DNA damage, immediately
following 2 Gy X-ray compared to the 0 Gy / control cells (11.38% and 8.68%

respectively, as shown in Figure 3.13.
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Figure 3.12 Percentage of DNA in comet tail in MCF-7 cells at 4 hours following 0
Gy and 2 Gy X-irradiation.

Cells showed a significant induction (p< 0.0001) of DNA damage in term of 1* quartile, median,
3" quartile and maximum, following 2 Gy X-irradiation compared to the control cells (0 Gy). The
data represented three independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.2.iv Apoptosis
The percentage of apoptotic cells were measured as described in Section 2.5.4.

MCEF-7 cells that were exposed to IR showed a significant (p< 0.05) increase in
the percentage of apoptotic cells as an initial response (4 hours) following 2 Gy
X-irradiation compared to control 0 Gy cells, as shown in Figure 3.13.
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Figure 3.13 Percentage of apoptotic cells at early time-point (4 hours) following
irradiation.

Cells showed a significant increase (p< 0.05) in the number of apoptotic cells 4 hours following
exposure to 2 Gy X-irradiation compared to the 0 Gy (control cells). The data was presented as a
percentage + SEM of three independent experiments; (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.2.v The correlation between HPA, vimentin, E-cadherin and invasive capacity
of MCF-7 cells following IR
The HPA, EMT positivity and invasion of MCF-7 cells were measured following

IR, as described in Sections 2.6, 2.7 and 2.10. In response to radiation, a
significant (p< 0.0001) increase in the number of invasive cells was distinguished
after 24 hours following 2 Gy X-irradiation in the MCF-7 cells, this was concurrent
with a significant (p< 0.0001) increase in the level of vimentin immunopositivity
and a significant (p< 0.0001) decrease in the level of E-cadherin immunopositivity
after 24 hours following irradiation. Cells also demonstrated an increase in the

level of the HPA positive cells at this time (Figure 3.14).
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Figure 3.14 Analysis of invasive capacity, EMT markers and HPA labelling in
irradiated cells, (24-hour following irradiation)

Cells showed a significant (p< 0.0001) increase in the number of invasive cells 24 hours following
2 Gy X-irradiation compared to control / 0 Gy. This finding was associated with a decrease in the
epithelial marker, E-cadherin and an increase in the mesenchymal marker, vimentin. The data
presented as a mean of a total number of invasive cells, and the percentage of HPA and EMT
markers positive cells. The error bars represent SEM of invasive cells and the percentage of HPA
and EMT markers of 3 independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.2.vi EMT markers following IR assessed using flow cytometry
As described in Section 2. 8, cells were analysed for EMT markers post IR using

a Beckman Coulter Flow cytometer. The results showed a significant increase
(p< 0.0001) in vimentin immunopositivity in the 2 Gy X-irradiated cells compared
to the 0 Gy cells (82.45% and 75.8%, respectively). Cells also showed a
significant decrease (p< 0.0001) in E-cadherin immunopositive cells following 2
Gy IR compared to 0 Gy (85.9% and 90.6%, respectively), as shown in Figure
3.15.
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Figure 3.15 Flow cytometry analysis for specific binding of EMT markers vimentin
and E-cadherin 4 hours post-IR.

MCF-7 cells showed a significant increase in the percentage of vimentin immunopositive cells
blue colour and a significant decrease in E-cadherin immunopositive cells blue colour following 2
Gy IR using flow cytometer. The red colour represents cells that were not under the test. While
the debris appeared in green colour. Data is representative of the distribution of results over 3
independent experiments.

3.2.2.vii Ratio of vimentin to E-cadherin and EMT
The ratio of vimentin to E-cadherin could play an essential role in the invasion of

breast cancer cells. This ratio was calculated as the percentage of vimentin
positive cells to the total number of cells and the percentage of E-cadherin
positive cells to the total number of cells that were counted. And then calculate
the percentage of vimentin to the percentage of E-cadherin. As shown in Figure
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3.16, the ratio of vimentin to E-cadherin was 39% in unirradiated cells whereas
this ratio increases to 46% in MCF-7 irradiated cells. Data suggest that increasing
the percentage of vimentin to E-cadherin in the irradiated cells enhance EMT and

consequently invasion of cancer cells.
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Figure 3.16 Vimentin / E-cadherin ratio of positive cells in MCF-7 cell line 4 hours
post-irradiation.

Cells showed an increase in the ratio of vimentin to E-cadherin in 2 Gy X-irradiated MCF-7 cells
compared to 0 Gy / control cells.

3.2.2.viii Vimentin and E-cadherin protein

To confirm the findings of EMT markers, the level of vimentin and E-cadherin
proteins pre-and following irradiation were quantified using western blot as
described in Section 2.14. The subsequent data demonstrated a significant
increase in the relative quantity (Panel A) of vimentin and a decrease in the
relative quantity of E-cadherin following 2 Gy X-irradiation compared to that
observed following 0 Gy (Figures 3.17). The 2 Gy-irradiated cells also showed a
significant increase in the band intensity (Panel B) of vimentin and a decrease in
E-cadherin protein, as shown in Figure 3.17. Actin- 3 protein has been used as a

loading control.

105



A ® 0Gy 2Gy

w

o
n

)

Relative quantity
|-
- w

o
n

Vimentin
il B — —
0Gy 2Gy oGy 2Gy

E-cadhem ACtin-B

Relative quantity of proteins 4 hours post irradiation

(-]

Vimentin

Figure 3.17 Western blot showed the level of vimentin and E-cadherin in MCF-7
cell line 4 hours following X-irradiation.

The relative quantity of vimentin has been increased following 2 Gy irradiation compared to that
observed in the 0 Gy group (Panel A). In addition, the 2 Gy irradiated cells showed a significant
increase in the band intensity of vimentin and proteins at 4 hours following irradiation compared to
the 0 Gy cells (Panel B). Conversely, the 2 Gy cells also showed a significant decrease in the
relative quantity of E-cadherin protein compared to that observed in the 0 Gy cells 4 hours
following irradiation. Data presented as the mean + SEM of 3 independent experiments (*p<0.05,
** p<0.001, *** p<0.0001).

3.2.2.viii Vimentin, E-cadherin and GalNAc-T6 gene expression
To determine whether 2 Gy X-irradiation exhibit change in gene expression that

is associated with EMT and invasiveness; MCF-7 cells were irradiated with either
0 Gy or 2 Gy X-rays. 24 hours following irradiation candidate gene expression
was measured as described in Section 2.13.

Cells showed significant (p< 0.0001) increase in vimentin and GalNAc-T6 gene
expression following 2 Gy X-irradiation compared to the 0 Gy / control cells. In
contrast, the 2 Gy X-irradiated cells, showed significant (p< 0.0001) decrease in
E-cadherin expression compared to their control counterpart cells, as shown in
Figure 3.18.
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Figure 3.18 Candidate gene expression following X-irradiation in MCF-7 cells.

Cells showed a significant increase in vimentin, GalNAc-T6, 24-hours following 2 Gy irradiation
compared to the control cells. In contrast, the former cells showed a significant decrease in E-
cadherin expression. The error bars represent the SEM of the candidate gene expression, 3
replicate experiments were carried out. (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.2.ix TGF-B, SLUG, SNAIL, ZEB and TWIST genes expression

MCF-7 cells were exposed to either 0 Gy or 2 Gy X-irradiation and then after 24
hours, candidate gene (TGF-B1, SNAIL, SLUG, ZEB and TWIST) expression was
measured using gPCR, as described in Section 2.13. The 2 Gy X-irradiated cells
were shown to have a significant (p< 0.001) increase in TGF--1 gene expression
compared to 0 Gy / control cells. The irradiated cells also demonstrated a
significant (p< 0.05) increase in SLUG, SNAIL and ZEB genes expression
compared to control cells. The irradiated cells also showed a significant (p<
0.0001) increase in TWIST gene expression compared to 0 Gy control cells, as
shown in Figure 3.19. MMP-9 gene demonstrates no expression in MCF-7 cells

pre or post IR.
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Figure 3.19 Gene expression in MCF-7 cells following X-irradiation.

Cells showed a significant increase in TGF--1 gene expression following irradiation with 2 Gy X-
rays compared to 0 Gy / control cells. The irradiated cells also showed a significant increase in
the expression of SLUG, SNAIL and ZEB genes. Moreover, these cells showed a highly
significant increase in the expression of TWIST genes compared to 0 Gy cells. The error bars
represent the SEM of the candidate gene expression of 3 independent experiments. (*p<0.05, **
p<0.001, *** p<0.0001).

3.2.2.x TGF-( protein using western blot assay
It has been hypothesised that TGF- could play a role in the invasive capacity of

breast cancer cells following irradiation as a result of increased levels of ROS.
Thus, to test this hypothesis, MCF-7 cells were seeded in T75 tissue culture
flasks and subjected to either 0 Gy or 2 Gy X-irradiation. 24 hours following
irradiation, the protein was then analysed with a Western blot assay as described
in Section 2.14. The 2 Gy irradiated cells showed an increase in the relative

quantity of TGF-B compared to the 0 Gy / control cells (Figure 3.20).
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Figure 3.20 TGF-B protein in MCF-7 using Western blot 24 hours following X-
irradiation

MCEF-7 cells irradiated with 2 Gy demonstrated an increase in optical density of TGF- after 24
hours of irradiation compared to control / 0 Gy cells at 46 kDa. The former also showed a
significant increase in the relative quantity of TGF-f3 proteins at this time. The graph represents
densitometry data drawn from blot images. The error bars represent SEM of the candidate
protein of 3 independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

3.2.2.xi miRNA expression in MCF-7 following irradiation
Candidate miRNA expressions of MCF-7 cells were measured following IR as

described in Section 2.13. MCF-7 that were exposed to 2 Gy direct X-irradiation
showed a non-significant change in the expression of Let-7a miRNA compared to
0 Gy unirradiated cells. Cells also demonstrated a significant (p< 0.001) increase
in the miRNA 30a expression following 2 Gy X-irradiation compared to the
unirradiated cell. Meanwhile, 2 Gy irradiated cells showed a significant (p<
0.0001) decrease in the miR-200b expression compared to unirradiated cells.
Moreover, 2 Gy irradiated cell showed a highly (p< 0.0001) significant increase in

the miR-9a compare to 0 Gy unirradiated cells as shown in Figure 3.21.
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Figure 3.21 The expression of candidate miRNA in MCF-7 Cells following direct
irradiation.

Cells were exposed to IR showed different responses in the candidate miRNA expression. On the
time that cells showed a non-significant change in the let-7a expression, cells also showed a
significant increase in the miR30a expression following irradiation. Meanwhile, the expression of
miR-200b significantly decreased. Data also showed a highly significant increase in the
expression of miR-9a following 2-Gy X-irradiation. The error bars represent the SEM of miRNA
expression of 3 independent experiments (*p<0.05, ** p<0.001, *** p<0.0001).

3.3 Discussion

IR deposits high energy in the molecules of a cell during interaction and can
cause direct or indirect DNA damage (Bryant et al., 2003). IR can also increase
ROS in the irradiated cells (Azzam, de Toledo and Little, 2003; Guerci, Dulout
and Seoane, 2004). Increased ROS in the irradiated cells could induce oncogenic
factors such as TGF-B (Dizdaroglu et al., 2002) which may be involved in cancer
development (lizuka et al., 2017). Therefore, it suggested that IR can increase
ROS production and TGF-B expression which may be involved in cancer cells
dissociating, moving/migrating and invasion. To investigate the factors that could
be involved in enhancing cancer cell metastasis following irradiation, the current
study investigated the markers involved in glycosylation and EMT and
consequently, the invasive capacity of MCF-7 following exposure to IR. The
study also investigated the protein(s) and candidate gene expression that are

associated with breast cancer invasiveness.
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As described in results part 1, the optimisation of all experimental conditions,
including a selection of the most appropriate breast cancer line to work with for
our irradiation experiments, to this end, the investigations initially focused on
three human breast cancer cell lines, each displaying a different phenotype, as
described in Section 2.2. All cell lines were subcultured when they reached 70%
confluence. For every subculture, cells were counted, and the cumulative
population doubling level was calculated, as presented in Figure 3.1. All cells
showed a logarithmic growth rate, and it was therefore concluded that the culture
system for all three breast cancer cells was suitable. In addition, MCF-7 cells
showed a higher growth rate than the ZR75-1 and BT474 cells.

Numerous publications have described the association between changes in
glycosylation and metastasis (Gill et al., 2013; Basu et al., 2015; de Freitas Junior
and Morgado-Diaz, 2016). Lectin biotinylated techniques have been used to
detect aspects of cellular glycosylation reported in the literature to be of
relevance to metastasis. Various Lectins including HPA, PHA-L and SNA have
been successfully used to detect GalNAc glycans, 1, 6 N-linked glycans, and a-
2,3 and a-2,6 linked sialic acid, respectively (Brooks and Hall, 2002). Other
biomarkers have also been investigated, such as the EMT markers: vimentin, E-
cadherin and N- cadherin (Mendes, Carvalho and van der Waal, 2010; Shankar
and Nabi, 2015), which could have an impact on cancer metastasis. In the
current study, cells demonstrated various degrees of EMT markers labelling
which were dependant on the type of cell and markers (Figures 3.2, 3.3 and 3.4
respectively). MCF-7 cells were shown to be highly immunopositive for vimentin
and N-cadherin and demonstrated low immunopositivity for E-cadherin compared
to the ZR75-1 and BT474 cells (Figures 3.5, 3.6 and 3.7 respectively). It is known
that cells with low E-cadherin and high vimentin expression will lose epithelial
integrity and as a result, cells are more motile and invasive (Korsching et al.,
2005; Satelli et al., 2016). Previous studies have also shown that HPA lectin is
the best marker to detect aberration in the O-glycosylation due to its high affinity
to the GalNAc amino sugar (Sanchez et al., 2006; Peiris et al., 2015).

Biotinylated lectin labelling, immunopositivity, aggressiveness and the quality of
picture in term of discrete cells to be counted were the criteria to select
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appropriate cell line for this study. Therefore, the current study selected MCF-7
cell line as a luminal epithelial breast cancer cells. This cell line moderate
aggressiveness and metastases and have a high affinity to HPA lectin.
Additionally, vimentin and E-cadherin were selected as markers of the

mesenchymal and epithelial form of the cells respectively.

3.3.1 MCF-7 cells responses to radiation exposure.
MCF-7 cells were irradiated with either 0 Gy (Control) or 2 Gy X-irradiation. 4

hours following irradiation; the 2 Gy cells showed a significant decrease in their
viability but an increase in ROS, as shown in Figures 3.10 and 3.11 respectively.
Significant DNA damage was also observed in this group of cells, as shown in
Figure 3.12. This finding could be due to the direct effect of IR on DNA or by the
action of ROS, which is known to be activated during and after cell exposure to
X-irradiation. Correspondingly, the observed induction of DNA damage in the 2
Gy irradiated cells was associated with an increase in the percentage of apoptotic
cells and a subsequent increase in the percentage of dead cells (Figure 3.13).
These findings were supported by other studies (Dizdaroglu et al., 2002;
Dizdaroglu and Jaruga, 2012) who stated that IR could target the DNA directly

and cause single-strand or double-strand breaks (Dizdaroglu et al., 2002).

Moreover, the current study found that the percentage of DNA damage observed
in the 2 Gy irradiated cells was greater than the percentage of apoptotic cells.
The differences in the significance between the DNA damage and the percentage
of apoptotic cells could occur because not all the DNA damage caused lethal
effects on the irradiated cells. It is well known that cells also can activate DNA
repair machinery that may reduce the percentage of apoptotic cells in irradiated
cells (Gerelchuluun et al., 2015). On the other hand, an increase in the level of
ROS may lead to an increase in the stress of the cells which could activate the
TGF-B —AKT1 pathway (discuss later), which could subsequently affect invasion
capacity of breast cancer cells. It is well known that there is a link between the
HPA positivity and invasiveness (Brooks, 2000). The findings in this study confirm
the previous results; the finding shows a strong correlation between the
percentage of HPA positive cells and the invasive capacity of MCF-7 cells (Figure
3.14). The association may be the result of an increase in the level of the Tn

antigen, which could promote cells invasion and migration. Gill et al. (2013) have
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demonstrated that the regulation of N-acetylgalactosamine-transferases
(GalNAc-Ts) from the Golgi complex to endoplasmic reticulum can increase the
level of Tn antigen, which promotes breast cancer invasiveness (Chia et al.,
2014). In addition, it is known, that the intensity of O-glycosylation and annexin 4
proteins is frequently associated with very poor patient lifespan (Peiris et al.,
2015). Furthermore, using proteomic and histochemistry analysis of HPA
labelling, studies have revealed that annexin 4 appears to be a major carrier of
O-linked glycosylation in lymph node-positive breast cancer (Peiris et al., 2015).
In addition, Park et al. (2011) state that GalNAc-T6 and GalNAc -T3 regularly
correlate with tumour cell differentiation. However, only GalNAc-T6 is associated
with cancer cell metastasis. Furthermore, silencing COSMIC chaperones can
induce truncated O-glycosylation, particularly of core 1 (3-GalNAc-T) due to the
epigenetic modification of chaperone protein rather than mutation, and this can
increase the ability of cells to invade the Matrigel membrane (Radhakrishnan et
al., 2014a). Moreover, the current study demonstrated that X-irradiation induced
invasive capacity of MCF-7 cells which was associated with an increase in
immunopositivity of the mesenchymal marker vimentin and a decrease in the
epithelial marker E-cadherin (Figure 3.14). Flow cytometry results confirm that IR
increases vimentin immunopositive cells and decreases E- cadherin

immunopositivity (Figure 3:15).

The results of this study support the findings in other studies. Tsukamoto et al.
(2007) state that X-irradiation induces a change in the phenotype of HEC1A cells
from epithelial to mesenchymal, loss of cell polarity with a reduction in cell-cell

interaction and an increase in cell motility by the formation of pseudopodia.

As mentioned earlier in Sections 1.3.1, 1.3.2 and 1.3.3, there is a correlation
between TGF- and EMT. An increase in the quantity of TGF-B in irradiated cells
was associated with downregulation of E-cadherin and increase in the expression
of vimentin and other transcription factors SLUG, SNAIL, ZEB and TWIST as
shown in Figures 3.19. It has been reported that TGF-3 can regulate downstream
Whnt/beta-catenin pathway that inhibits E-cadherin protein and increases the
invasiveness of breast cancer cells (Ma et al., 2017). Moreover, TGF- could

target SLUG gene resulting in downregulation of E-cadherin protein which
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promotes breast cancer cell dissociation and invasion (Takano et al., 2007,
Dhasarathy et al., 2011; Sritananuwat et al., 2017). In addition, other
mechanisms could contribute to the invasiveness of cancer cells following X-
irradiation. Data in this study have shown that irradiated cells can produce a
significant increase in the level of TGF-B, (Figure 3.20). Then TGF- protein may
target TGF-B receptors, which can activate the protein kinase B, also known as
AKT1, pathway (Lee et al., 2007) leading to phosphorylation of vimentin and
activation the vimentin-scrib protein complex (a membranous protein found in
human cells, which is involved in the proliferation, polarity and migration of
cancer cells) (Zhu et al., 2011b). The latter can promote migration and invasion of

cancer cells (Phua, Humbert and Hunziker, 2009), as shown in Figure 3.22.

VIM-Scrib protein
complex

Figure 3.22 A schematic diagram to illustrate the possible mechanisms that may
contribute to the migration and invasion of MCF-7 luminal breast cancer cells
post-irradiation.

IR can induce DNA damage and activate the apoptotic pathway and increase the stress in the
irradiated cells. IR can also increase ROS formation and increase the stress of irradiated cells.
The stressful cell produces a high number of EVs/ Exosomes. These EVs can ftraffic to the
endosomes and release into the outside of the cells. These exosomes carry miRNA and protein
such as TGF-B, the later can interact with the TGF-f3 receptor and activate several pathways
including AKT1. Consequently, inhibit E-cadherin and active vimentin phosphorylation and induce
EMT and invasion of cancer cells.
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The qualitative data on vimentin and E-cadherin immunopositivity and western
blot analysis were confirmed using qPCR assay. The data showed a significant
increase in vimentin expression and decreased in E-cadherin following irradiation
encouraging EMT in breast cancer cells, and promoting migration and invasion in
irradiated cells (Figure 3.17, 3.18).

The possible mechanisms involved in cell migration and invasion can be
described, as the ionising irradiation can increase ROS™ (Figure 3: 11) leading to
an increase in the stress of cancer cells. Stressed cells can produce a high
abundance of vimentin, which subsequently activates several downstream
mechanisms involving the AKT7 gene, which in turn, activates the
serine/threonine-protein kinase. Thus, the phosphorylation of vimentin protein
leads to protecting it from the action of proteolytic enzymes. Accumulation of
phosphorylated vimentin induces the formation of a vimentin-scrib protein
complex can cause acceleration in cell motility, leading to an increase in the
ability of cancer cells to invade other tissues (Zhu et al., 2011b). The latter,
vimentin-scrib protein complex can protect scrib protein from degradation by the
proteasome system. Thereby, vimentin can provide a stabilising effect on scrib
protein during EMT, promoting cell motility and migration (Satelli and Li, 2011;
Hascoet et al., 2015).

Conversely, reduction in E-cadherin expression enhances cell mobility which
enables cells to dissociate from each other and move. The decrease in the
expression of E-cadherin as a consequence of increased expression of helix-
loop-helix transcription factors such as TWIST and zinc finger factors such as
SLUG, SNAIL and ZEB1 genes which downregulate E-cadherin expression, thus
promote the breast cancer cell migration (Figure 3:16). Declined expression of E-
cadherin reduces cell-cell communication and enhances EMT by blocking the E-

cadherin-catenin pathway (Zhu, Leber and Andrews, 2001; Kilic et al., 2016).

In summary, this study for the first time showed the possible integrated process
that IR can increase the HPA positive cells and invasive capacity of irradiated
cells. IR promotes changing the mesenchymal/epithelial ratio of MCF-7 breast
cancer cells which could be as a result of an increase in production of cytokine
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TGF-3, decrease in the expression E-cadherin protein and increase in vimentin
expression. IR can increase the ROS production and that could lead to an
increase in the stress of irradiated cells. Consequently, increase secretion of
extracellular vesicles/ exosomes which could have an impact on cancer invasion,

and that will be described in chapter 4.
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Chapter 4

The role of microvesicle/exosomes in the invasion of luminal breast cancer
cells

4.1 Introduction

Exosomes which are double-membrane nanoparticles (40-150 nm) contain
various types of molecules including nucleic acids (DNA, mRNA, and miRNA),
proteins (enzymes, cytokines, transmembrane proteins) and metabolites
(peroxidases, lipid kinases and pyruvate enzymes) (Mao et al., 2016; Lv et al.,
2017). The majority of exosomes contain transport and fusion proteins, such as
flotillin, annexins and Rab GTPase, Alix, and TSG101 (reviewed by Kahlert and
Kalluri, 2013; Kahlert et al., 2014; Lindsey and Langhans, 2014; Brinton et al.,
2015). Much evidence has stated that exosomes can carry proteins that are
involved in EMT, such as TGF-B (Yang et al., 2011; Syn et al., 2016).

The function of exosomes varies from one type of cell to another, i.e. exosomes
can either be activators or inhibitors. For example, exosomes released from
dendritic cells can activate the immune system directly or indirectly via cytokine
production and T cell activation (Bianco et al., 2007; Bianco et al., 2009). On the
other hand, cancer cells produce exosomes, which have an inhibitory effect on
the immune system (Thery et al., 2002; Clayton et al., 2007; Clayton et al., 2011).
Exosomes also play a critical role in cancer development, progression and
invasion (Greening et al., 2015; Soung et al., 2016) as described in detail in
Section 1.7

The potential effect of exosomes on the behaviour of breast cancer cells normally
results from the nature of exosome cargo, which can be affected by several
factors including cell stress (Chen et al., 2011; Vulpis et al., 2017). IR is one of
the most important factors that increase the stress of human cells. It has been
reported that cells under the stress of IR can produce greater amounts of
exosomes than unirradiated cells (Jelonek et al., 2015).

Recent studies have concentrated on the effect of exosome derived from
irradiated cells and its cargo on the invasion of MCF-7 breast cancer cell.

Jelonek, Widlak and Pietrowska (2016) have documented that exposure to IR
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can lead to changes in the cargo of exosomes, which may have effects on the
cellular activity of cancer cells such as suppression of translation, transcription or
induction of cell signalling. They examined proteins in the exosomes extracted
from irradiated and unirradiated head and neck cancer cells. Abundant changes
were observed in the exosome contents post-irradiation compared to the control
groups. For example, Jelonek et al. (2015) found a change in the exosome
proteins post 2 Gy irradiation, 384 proteins were identified in the exosomes that
were isolated from head and neck carcinoma cells compared to 217 proteins in 0
Gy control cells. They also identified that 69 types of proteins were missing in
irradiated exosomes group and 236 types of proteins were identified only

following irradiation (Jelonek et al., 2015).

Al-Mayah et al. (2015) have shown that exosomes derived from irradiated MCF-7
cells have long-lasting effects on the DNA and telomerase activity of unirradiated
cells, resulting from the components of exosomes, including protein and RNA
molecules. Exosome cargo molecules (proteins and RNA) can act synergistically
to induce non-targeted effects in the progeny of irradiated and unirradiated
cancer cells. Wang et al. (2017) demonstrate that IR can induce ROS and

subsequently increase the number of exosomes in irradiated cells.

As described in chapter 3, the data showed the direct effect (targeted effect) of IR
can promote the invasive capacity of MCF-7 cells. However, the non-targeted
effects of IR on cancer cell invasiveness and metastatic potential are not fully
understood yet. Therefore, the objective is to analyse the non-targeted effect of
IR (the classic bystander effect, exosome bystander and exosomes cargo
inhibition) on MCF-7 breast cancer cells. In order to achieve this, the following

were carried out:

1- Characterisation of the exosomes derived from CCCM and ICCM regarding

their size and concentration.

2- Determination of the change in immunopositivity of EMT markers (vimentin

and E—cadherin) in MCF-7 cells following media transfer.

3- Determination of the change in the HPA labelling in MCF-7 cells following

exosomes transfer.
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4- Determination of the change in the invasive capacity of MCF-7 cells following

treatment with exosome-depleted media.

5- Investigation of the effect of exosome cargo inhibition on the invasive capacity,

EMT (vimentin and E-cadherin) and glycosylation HPA markers of MCF-7 cell.

6- Determination of the expression of candidate genes such as the GalNAcTG6, as
well as detection of changes in vimentin and E-cadherin expression and another

candidate gene that listed in Tables 2.1 and 2.2.

7- Determination of the expression of TGF-3 protein in the exosomes and in the

cells treated with exosomes, which may have an impact on cancer cell invasion.

8- Determination of the change in the expression of specific exosomal miRNA,

which may be associated with the invasive capacity of MCF-7 cells.

4.2 Results

4.2.1 Invasive capacity of MCF-7 cells post media transfer
Fresh unirradiated MCF-7 cells were treated with CCCM and ICCM four hours

following irradiation. Following 24 hours of incubation, cells were analysed for
glycosylation EMT and invasion as described in Section 2.11. Highly significant
induction of invasive cells was observed (p< 0.0001) after 24 hours post 2 Gy
ICCM transfer. The average of total number of cells invaded through the
membrane was 734 cells (in total); compared to the total number of cells invaded
through the membrane in the cells that were treated with CCCM was 375 (in
total); this was concurrent with an increase (p<0.0001) in the level of vimentin
immunopositivity (68.93%) compared to 0 Gy BE which is only (54.77%). MCF-7
cells also demonstrate a significant (p<0.0001) decrease in the level of E-
cadherin immunopositivity (After 24 hours post 2 Gy media transferred (79.2%)
compared to the E-cadherin positive cells (87.8%) post 0 Gy BE. Cells also
demonstrated an increase (p<0.0001) in the level of the HPA positive cells
(83.8%), 24 hours post 2 Gy ICCM transfer compared to the level of HPA
positivity post 0 Gy media transfer (74.4%) (Figure 4.1).
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Figure 4.1 Invasive capacity, EMT markers and HPA labelling in bystander effect
MCEF-7 cells after 24 hours post-media transfer.

Cells showed a significant (p<0.0001) increase in the number of invasive cells post ICCM transfer
compared to CCCM, and this associated with a decrease in E-cadherin and an increase in
vimentin positivity. Cells also showed an increase in the percentage of HPA positive cells at 2 Gy
BE cells compare to 0 Gy BE cells. The data presented as a mean of a total number of invasive
cells, and the percentage of HPA and EMT markers positive cells. The error bars represent the
SEM of invasive cells and the percentage of HPA and EMT markers of 3 independent
experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

4.2.2 Exosomes characterisation

The size and concentration of exosomes were measured as described in Section
2.12.3. Data demonstrated a significant (p<0.05) change in the size of exosomes
(104nm in diameter) at 4 hours post 2 Gy irradiation, compared to 0 Gy
exosomes (95nm in diameter). Data also showed a significant (p<0.0001)
increase in the exosome concentration (5.4X10'° exosome/ml) produced by 2 Gy
irradiated cells compared to the exosomes that were isolated from unirradiated
cells (4.20X10'" exosome/ml) as shown in Figure 4.2A. Data also showed that
the exosomes isolated from irradiated and unirradiated cells exhibited bands of
TSG-101 57 kDa higher than expected 46 kDa and CD63 30-60 kDa as it
expected (Figure 4.2A). Bands it looked quit expanded, however it is consistant
with brevious studies (Van Deun et al., 2014; Kowal et al., 2016). However,

western blot showed clear bands at 12 kDa and faint band at 25 kDa.
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Figure 4.2 Mean exosome size and concentration and exosome markers
(TSG101 and CD63) in MCF-7 cells 4 hours following 2 Gy X-irradiation.

A) Cells showed a significant difference in exosome size at 4 hours post-irradiation compared to
exosomes that were isolated from unirradiated cells; whereas, an increase in exosome
concentration/ml was observed in the irradiated cells following 2 Gy X-irradiation. B) Western blot
data also showed TSG101 57 kDa higher than expected 46kDa and CD63 bands 30-60 kDa
confirmed the presence of exosomes in the collection. The data presented as a mean + SEM of 3
independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

4.2.3. EMT markers following exosome transfer, assessed using Flow
cytometry
MCF-7 cells were treated with exosomes derived from 0 Gy CCCM and 2 Gy

ICCM. After 24 hours post-incubation, cells were labelled with anti-vimentin and
anti-E-cadherin primary antibodies were measured, as described in Section 2.8.
A significant increase (p<0.001) in vimentin immunopositivity (77.50%) in 2 Gy
exosome-treated cells compared to 0 Gy-exosome-treated cells (53.21%). Cells
also displayed a significant decrease (p<0.001) in E-cadherin immunopositivity
(76.28%) following 2 Gy exosome transfer compared to 0 Gy exosome-treated
cells (86.75%), as shown in Figure 4.3.
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Figure 4.3 Flow cytometry analysis for specific labelling of EMT markers
(vimentin and E-cadherin) in the cells post-exosomes transfer.

MCEF-7 cells showed a significant increase in the percentage of vimentin immunopositivity (green
colour) in the right hand of the histogram by 2 Gy ICCM exosome-treated cells compared to
CCCM exosome-treated cells. Data also showed a significant decrease in E-cadherin
immunopositivity (green colour) by 2 Gy ICCM exosomes treated cells compared to the cells
treated with exosomes isolated from CCCM. The red colour represents a population of cells
outside the main population that determined by polygonal shape. While green colour in the left
hand of histogram represents the debris. The plot is representative of the distribution of data from
3 experiments.

4.2.4 The level of Vimentin and E-cadherin proteins following exosomes
transfer
Western blot analyses of vimentin and E-cadherin as described in Section 2,14

support this result. Western blot analyses of proteins derived from cells that were
treated with CCCM and ICCM exosomes (Figure 4.4), which confirm an increase
in the level of vimentin proteins and decrease in E-cadherin protein in ICCM
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exosomes recipient cells compared to CCCM exosomes recipient cells. Actin- 3

has been used as a positive control.
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Figure 4.4 Western blot of Vimentin and E-cadherin proteins in MCF-7 exosome
treated cells following 24 hours of exosome transfer.

Cells showed a significant increase in the relative quantity of vimentin and decreased in the E-
cadherin protein (Panel A) following exosomes transfer. Cells also exhibited an increase in the
intensity of vimentin bands samples derived from 2 Gy exosome treated cells compared with 0 Gy
exosome-treated cells. Cells also demonstrate a significant decrease in the intensity of E-
cadherin protein after treated with 2 Gy exosomes compared with 0 Gy exosomes treated cell
(Panel B). The graph represents densitometry data drawn from blot images. The data presented
as a mean + the SEM of three independent experiments (*p<0.05, ** p<0.001, *** p<0.0001).

4.2.5 Bystander effect: exosome transfer
MCFE-7 cells were treated with CCCM and ICCM exosomes as described in

Section 2.12.4. Data showed a significant (p<0.0001) increased in the number of
invasive cells after 24 hours post-incubation 2 Gy ICCM. The total number of
cells that invaded through the membrane in ICCM exosome treated cells was
1239 cell, compared to the total number of cells invaded through the membrane
in the cells that were treated with exosomes isolated from CCCM was 611 cells

under the same condition (Figure 4.5).

Cells treated with ICCM exosomes showed a significant (p<0.0001) increase in
the level of vimentin. The percentage of cells that were immunopositive for
vimentin was 75.36% in three replicates of each dose of treatment and in three
experiments compared to the percentage of cells that were immunopositive for

vimentin 67.58% in CCCM exosome-treated cells.
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The current data also showed a significant (p<0.0001) decrease in the E-cadherin
markers. The percentage of cells that were immunopositive for E-cadherin was
71.48% that were also observed in the cells treated with exosomes from ICCM
following 2 Gy X-irradiation compared to the percentage of cells that were

immunopositive for E-cadherin (80.54%) in CCCM exosome-treated cells.

Cells also demonstrated a significant (p< 0.0001) increase in the level of the HPA
positive cells after 24 hours of incubation with exosomes from ICCM 2 Gy X-
irradiation. The percentage of cells that were immunopositive for HPA was
(83.8%), exosomes treated cells compared to the percentage of cells that were
immunopositive of HPA 74.4% following 0 Gy CCCM exosome-treated cells as

shown in Figure 4.5
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Figure 4.5 Effects of exosomes on the invasiveness of MCF-7 cells.

Exosomes were isolated from CCCM (0 Gy) and ICCM 2 Gy X-ray and then transferred to
healthy, unirradiated cells. Cells showed a highly significant increase in the number of cells that
invaded the Matrigel membrane associated with an increase in the HPA labelling cells and
vimentin immunopositivity and a decrease in the E-cadherin immunopositivity. The data presented
as a mean of a total number of invasive cells, and the percentage of HPA and EMT markers
positive cells + the SEM of 3 independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.6. Exosome-depleted media transfer
The previous experiments (assessing classic bystander and exosome bystander

effects) showed that the media and exosomes derived from ICCM have an
impact on invasiveness capacity of MCF-7. To confirm the role of exosomes in
invasive of the breast cancer cell. MCF-7 cells were treated with 0 Gy CCCM and

2 Gy ICCM exosome-depleted media. Cells were then analysed for invasion,
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EMT markers and HPA positivity as described in section 2.12.5. Under this
condition, cells did not show a significant change in the number of invasive cells
after treatment with 2 Gy ICCM exosome-depleted media compared with CCCM
exosome depleted media. Cells also did not show a significant difference in the

levels of vimentin and E-cadherin and HPA immunopositivity (Figure 4:6).
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Figure 4.6 Effect of exosome-depleted media on the invasive capacity of MCF-7
cells.

MCF-7 cells were treated with 0 Gy, and 2 Gy exosome-depleted media, cells showed a non-
significant increase in the percentage of invasive cells when exposed to 2 Gy exosome-depleted
media compared to cells treated with 0 Gy exosome-depleted media. Cells also did not show a
significant increase in the percentage of HPA, vimentin and E-cadherin positivity when exposed to
2 Gy exosome-depleted media compared 0 Gy exosome-depleted media). The data presented as
a mean of a total number of invasive cells, and the percentage of HPA and EMT markers positive
cells. The error bars represent the SEM of invasive cells and the percentage of HPA and EMT
markers. (*p<0.05, ** p<0.001, *** p<0.0001).

4.2.7 Expression of genes following exosomes transfer in MCF-7 cells
To quantify whether the MCF-7 cells that were treated with an exosome isolated

from ICCM, exhibit differences in gene expression in unirradiated cells. CCCM
and ICCM treated cells were analysed for gene expression as described in
Section 2.13.

Analysis of qPCR results showed a significant (P<0.0001) increase in the
vimentin gene expression in 2 Gy exosome-treated cells compared to the 0 Gy

control group. Cells also showed a significant (p<0.001) increase in GalNAc-T6
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expressions in 2 Gy exosome-treated cells compare to 0 Gy exosome-treated
cells. Meanwhile, the level of E-cadherin expression was significantly (p<0.001)
decrease in the cells that were received exosomes isolated from 2 Gy irradiated

cells compared with 0 Gy exosome-treated cells as shown in Figure 4.7.
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Figure 4.7 Gene expression in MCF-7 recipient cells following exosome transfer.

MCEF-7 cells treated with exosomes that were isolated from 0 Gy and 2 Gy-irradiated cells. 24
hours post-exosome-transfer, cells showed an increase in vimentin and a decrease in E-cadherin
expression. Cells also showed a higher level of GalNAc-T6 expression post ICCM exosomes
transfer. The error bars represent SEM of the candidate gene expression, 3 replicate
experiments were carried out. (*p<0.05, ** p<0.001, *** p<0.0001).

4.2.8 E-box genes expression and TWIST
CCCM and ICCM treated cells were analysed for gene expression as described

in Section 2.13. Data showed a significant (P<0.001) increase in the E-box
(SNAIL, SLUG) gene expression post 2 Gy exosome transfer compared with 0
Gy exosome transfer. Meanwhile, ZEB gene expression was not significantly
increased in 2 Gy exosome-treated cells compared with control. Moreover, 2 Gy
exosome-treated cells showed a significant (P<0.001) increase in TWIST
expression compared with 0 Gy exosome-treated cells as shown in Figure 4.8.
Meanwhile, MMP-9a gene showed no expression in CCCM and ICCM exosomes
treated MCF-7 cells.
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Figure 4.8 Expression of E-box gene and TWIST in exosome recipient cells.

2 Gy exosome-recipient cells showed a significant increase in SLUG, SNAIL and TWIST genes
expression compared to 0 Gy control. An insignificant increase in ZEB gene expression was
observed in 2 Gy exosome-recipient cells compared with 0 Gy exosome-recipient cells. The error
bars represent SEM of the candidate gene expression, 3 replicate experiments were carried out.
(*p<0.05, ** p<0.001, *** p<0.0001).

4.2.9 TGF-B in exosome recipient cells

In order to investigate the TGF-p expression in the exosome-treated cells, gPCR
and western blot techniques were utilised as described in Sections 2.13 and 2.14.
Cells showed a significant (P<0.001) increase in TGF-B expression in 2 Gy
exosome-treated cells, compared to those treated with exosomes derived from
unirradiated cells, as shown in Figure 4.9 A. The western blot data confirm the
results of gPCR, where a higher TGF-$ (46 kDa) protein concentration (P<0.05)
was observed in cells treated with exosomes extracted from 2 Gy -irradiated cells

compared to the 0 Gy control as shown in Figure 4.9 B.
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Figure 4.9 qPCR and western blot of TGF- in MCF-7 cells 24 hours post
exosomes transfer.

Panel A qPCR data showed a significant increase in the TGF-B expression 46 kDa in 2 Gy
exosome recipient cells compared to the control (panel A). Western blot data also showed a

significant increase in the level of TGF-B proteins 46 kDs in exosome treated cells compared the
control 0Gy (panel B). The graph represents densitometry data drawn from blot images. Data
presented as a mean of the relative quantity of protein in the cells + SEM of 3 independent
experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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4.2.10 Exosomal miRNA
Candidate miRNAs of 0 Gy and 2 Gy exosomes were analysed using qPCR as

described in Section 2.13. Data showed non- significant differences in Let-7a
expression between CCCM and ICCM exosomes. However, a significant
(P<0.0001) reduction in miR-200b was observed in exosomes derived from
ICCM compared to CCCM exosome. Conversely, high levels of miR-9a
(P<0.0001) and miR-30a (P<0.05) was detected in the ICCM exosomes
compared to those extracted from CCCM (Figure 4.10).
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Figure 4.10 miRNA profile of CCCM and ICCM MCF-7 exosomes.

Not significant changes in the expression of Let-7a was observed in the CCCM and ICCM
exosomes. However, ICCM exosomes showed a significant (p<0.0001) decrease in the
expression of miR-200b and increased in miR-9a compared to CCCM exosomes. Data also
showed a significant (p<0.05) increase in the miR-30a expression in the ICCM MCF-7 exosomes
compare to CCCM MCF-7 exosomes. The data presented as a mean + SEM of 3 independent
experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

4.2.11 TGF-B in MCF-7 exosomes

To investigate whether TGF-3 can be carried and transferred by exosomes, TGF-
B was detected/measured in the exosomes derived from CCCM and ICCM using
Western blot as described in Section 2.14. The results demonstrated that
exosomes extracted from both CCCM and ICCM carry TGF-B. Interestingly,
exosomes derived from ICCM demonstrated a higher level of TGF-B protein

(p<0.05) than CCCM exosomes. Interestingly exosomes seem to carry high
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amount of active TGF-3, 12 kDa than latent TGF- 46kDa as shown in Figure
4.11.
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Figure 4.11 TGF-B of CCCM and ICCM exosomes.

ICCM exosomes showed a significant increase in the level of active TGF-3 12 kDa (black arrows
bands) compared to CCCM exosomes. The graph represents densitometry data drawn from blot
images. The data presented as mean + SEM of 3 independent experiments. (*p<0.05, ** p<0.001,
*** p<0.0001).

4.2.12 Inhibition of exosomal RNA
Exosome RNAs from CCCM and ICCM were inhibited/digested with RNase-A

prior to adding to naive bystander cells as described in Section 2.12.6.
Interestingly, a significant reduction in the number of invasive cells (p<0.0001)
was observed in both CCCM and ICCM RNase-exosome treated cells compared
to cells that received untreated exosomes from CCCM and ICCM, and that was
associated with a decrease in the percentage of HPA and vimentin
immunopositive cells and an increase in the percentage of E-cadherin
immunopositive cells, as presented in Figure 4.12. Cells treated with CCCM and
ICCM exosomes showed a significant (p<0.0001) increase in the number of
invasive cells, and this was also associated with an increase in HPA positivity.
Cells also demonstrated a high level of vimentin positivity and a decrease in the

percentage of E-cadherin positive cells compared to untreated cells. The ’cells’
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and ‘cells treated with heated RNase’ groups-A represent the negative and

positive control respectively, as shown in Figure 4.12.
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Figure 4.12 Effect of exosome treatment and exosomal RNA inhibition on MCF-7
cells.

The number of invasive cells significantly increased in ICCM exosome-treated cells compared to
CCCM exosome-treated cells, and this was associated with an increase in the percentage of HPA
and vimentin positivity and a decrease in the percentage of E-cadherin immunopositive cells.
Cells also showed a significant decrease in the number of the invasive cells of the Matrigel
membrane in the groups of cells that treated with 0 Gy or 2 Gy exosomes- RNA inhibited and that
was associated with a reduction in the percentage of HPA and vimentin immunopositive cells, and
an increase in E-cadherin immunopositive cells compared to exosome-treated cells. The negative
control was fresh cells, never been exposed to irradiation or exosomes transfer), the positive
control consisted of cells which were treated with heated RNase). The data presented as a mean
of a total number of invasive cells, and the percentage of HPA and EMT markers positive cells.
The error bars represent the SEM of 3 independent experiments. (*p<0.05, ** p<0.001, ***
p<0.0001).

4. 2.13 Inhibition of exosome proteins
Heat-treated exosomes were transferred to naive fresh cells, which were
subjected to invasiveness assays and assessed for EMT markers and HPA
positivity as described in Section 2.12.6.
A significant reduction in the capacity of invasiveness was observed in the cells
that received heated exosomes derived from CCCM and ICCM compared to

131



those that received unheated exosomes, as shown in Figure 4.13. Furthermore,
there was a non-significant difference in the invasiveness of cells that were
received 2 Gy ICCM heated exosome compare to the cells that were received 0

Gy CCCM heated exosomes.

Cells treated with heated exosomes also showed a significant decrease in
vimentin and HPA labelling in comparison with those treated with unheated
exosomes. Moreover, E-cadherin increased in the heated-exosomes treated cells
compared to unheated-exosomes treated cells. Fresh untreated cells also were

applied as a negative control (Figure 4.13).
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Figure 4.13 Effect of exosome treatment and exosomal protein inhibition on the
invasiveness of MCF-7 cells.

A significant decrease in the invasiveness of MCF-7 cells at 0 Gy and 2 Gy heated-exosomes
treated cells compared to 0 Gy and 2 Gy exosomes treated respectively. Cells also showed a
significant increase in the number of invasive at 2 Gy exosomes treated cells compared to 0 Gy
exosomes treated cells. Meanwhile, 0 Gy and 2 Gy exosome protein-treated groups did not show
significant differences in the number of invasive cells compared to control (unirradiated cells)
group. The negative control (fresh cells, never been exposed to radiation or exosomes transfer)
was applied. The data presented as a mean of a total number of invasive cells, and the
percentage of HPA and EMT markers positive cells. The error bars represent the SEM of 3
independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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4.2.14 Inhibition of exosomal RNAs and proteins
Both RNA and protein molecules in exosome were inhibited as described in

Section 2.12.6 then transferred to naive fresh cells. The latter were analysed for
invasiveness, EMT markers and HPA positivity.

Cells that were treated with exosome-inhibited-cargo showed a highly significant
(p<0.0001) decrease in the number of invasive cells compared to the cells that
were treated with 0 Gy and 2 Gy exosomes. Moreover, EMT markers returned to
the background levels in the cells treated with exosome-inhibited-cargo, and that
also associated with a decline in the HPA and vimentin and an increase in E-
cadherin positivity to the normal level. The negative control was also applied
were the fresh cells never been exposed to exosome transfer, where is the
positive control group, were the cells treated with heated RNase showed an
increase in the number of invasive cells and HPA and vimentin positivity

compared to the negative control (cells group), as shown in Figure 4.14.
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Figure 4.14 Effect of exosome-treated cells and exosomal cargo (RNA and
protein) inhibition on the invasiveness of MCF-7 cells.

Cells showed an increase in the invasive capacity of MCF-7 cells at 0 Gy, and 2 Gy exosomes
treated cells compared to treated cells. The number of invasive cells at 0 Gy and 2 Gy exosomes
inhibited cargo treated cells was returned to the same level of control + standard error. The level
of HPA, vimentin and E-cadherin were returned to the same background of control untreated
cells. The negative control (fresh cells, never been exposed to irradiation or exosomes transfer), a
positive control (cells were treated with heated RNase) were played. The data presented as a
mean of a total number of invasive cells, and the percentage of HPA and EMT markers positive
cells. The error bars represent the SEM of 3 independent experiments. (*p<0.05, ** p<0.001, ***
p<0.0001).
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4.3 Discussion
The study described in this chapter focuses on the role of exosomes extracted

from irradiated MCF-7 cells on invasiveness capacity of unirradiated MCF-7 cells.
To investigate the bystander effect of ionising irradiation on unirradiated cells,
CCCM and ICCM were transferred to fresh unirradiated MCF-7 cells. Cells were
analysed for change in HPA positive cells as an O-glycosylation marker, and
vimentin and E-cadherin positivity as EMT markers. Cells showed a significant
increase in the number of invasive cells in 2 Gy ICCM recipient cells compared to
CCCM recipient cells 24 hours post-media transfer, and that was associated with
an increase in the mesenchymal marker, vimentin, and a decrease in the
epithelial marker, E-cadherin. Data also showed an increase in the HPA positive

cells following media transfer (Figure 4.1).

It has been well established that the transfer of ICCM media has bystander effect
on unirradiated cells (Lyng, Seymour and Mothersill, 2000; Mothersill et al.,
2001). Therefore, media transfer is a very established technique to be utilised in
order to induce BE, in which signalling within ICCM can be transferred to fresh
cells and induced BE in naive unirradiated cells such as an increase in the
percentage of cells in G2/M phase (Jella et al., 2013). There are also studies
showed that exosomes have a role in the IR induced bystander effect (Jella et al.,
2014; Al-Mayah et al., 2015; Jelonek, Widlak and Pietrowska, 2016). To ascertain
whether the signal transferred to the recipient cells is as soluble factors, or is
passed through exosome formation and transfusion, irradiated and unirradiated
exosomes were isolated, characterised and fresh unirradiated MCF-7 cells were

treated with them.

In order to investigate the role of exosomes in the process of cancer cell invasion,
exosomes characteristic and function have were explored. Data showed that IR
increased exosome secretion/concentration. The number of exosomes
significantly increased in 2 Gy irradiated groups compared to the 0 Gy/control
group. Moreover, the size of exosomes was significantly changed (104nm in
diameter) at 4 hours post-irradiation compare to (95 nm in diameter) control 0 Gy.
It has been shown that cells under stress produce more exosomes than
unstressed cells (Azzam, de Toledo and Little, 2003; Azzam, Jay-Gerin and Pain,
2012; Arscott et al., 2013; Mutschelknaus et al., 2016). However, the
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mechanisms behind the increase in the number of exosomes are still poorly

understood and need further investigation.

In order to investigate the invasion of breast cancer MCF-7 cells post exosome
treatment, exosomes were isolated from CCCM and ICCM, 4 hours following X-
irradiation and transferred to unirradiated MCF-7 cells. (Figure 4.5) Cells showed
a significant increase in the number of invasive cells after treatment with 2 Gy
ICCM exosomes in comparison to 0 Gy CCCM exosome treated cells 24 hours
post exosome transfer. These data suggest that exosomes extracted from
irradiated cells caused an increase in the invasiveness of unirradiated cells. The
findings also showed that a high level of HPA positivity was associated with high
levels of vimentin, and low levels of E-cadherin, in 2 Gy exosome-treated cells.
Western blot data showed an increase in the level of vimentin and decrease in E-
cadherin proteins in 2 Gy exosome treated cells. These results show a clear
correlation between BE of IR, HPA-binding, EMT markers and the invasive

capacity of MCF-7 breast cancer cells.

The reason behind the increase in the percentage of cells that invade the
Matrigel membrane after irradiation is not fully understood. The data suggest that
irradiated cells release more exosomes than unirradiated cells (Figure 4.2) and
that exosome cargo differs between irradiated and unirradiated cells, which have

been observed previously (Jelonek et al., 2015; Mutschelknaus et al., 2017).

The current study suggested that it possible that both differences in number and
cargo of exosomes may have an impact on the characteristics and behaviour of
the cancer cells, such as the EMT and ability of cancer cells to dissociate and
move. Consequently, increasing the invasiveness of ICCM exosome-treated cells
(unirradiated cells treated with exosome extracted from irradiated cells). As
described above that an increase in the invasion of MCF-7 breast cancer cells
was associated with an increase in the vimentin immunopositive cells, and that
could have an impact on the EMT of cells treated with exosomes. The study
supports this finding directed by Rahman et al. (2016). They investigated the
effect of exosomes that were isolated from highly metastatic and non-metastatic
lung cancer serum patient on human bronchial cells (HBECs). They found an

increase in the vimentin expression in the HBECs that received exosome isolated
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from highly metastatic lung cancer serum. Changes in the level of vimentin was
associated with a change in the shape of HBECs from epithelial to mesenchymal.
They also found that exosomes that were isolated from the serum of patients in
the last stage of lung cancer promote migration and invasion of HBECs. The
authors propose that exosomes promote vimentin levels which might have a
crucial role in the EMT in recipient HBECs (Rahman et al., 2016). Al-Mayah et al.
(2015) and Yu et al. (2017) stated that both protein and RNA molecules
contained within exosomes, synergistically work together to induce genomic
instability and bystander effects in exosome recipient cells. Shi et al. (2016)
reported that exosomes derived from mesenchymal stem cells (MSC) of
nasopharyngeal cells could induce proliferation, migration and EMT, due to the
change in morphology of the cells and increase in vimentin level and a decrease

in E-cadherin expression.

To confirm the role of exosomes in the invasive capacity of MCF-7 cells or
whether the ICCM contain soluble factors which can influence MCF-7 cell
invasiveness, fresh MCF-7 cells were treated with exosome-depleted media from
irradiated and unirradiated cells. Cells showed a non-significant increase in the
number of invasive cells after treatment with 2 Gy exosome-depleted media
compared to control 0 Gy exosome-depleted media, as shown in Figure 4.6. This
result suggests that specific molecules in irradiated media can contribute to the
invasive capacity of MCF-7 cells despite an insignificant increase in the number
of invasive cells at 2 Gy depleted media. Therefore, exosomes seem to be the

main reason in MCF-7 invasiveness post IR.

Flow cytometry and western blot data also confirmed the suggestion above, in
which the levels of vimentin and E-cadherin proteins in cells treated with ICCM
exosomes (Figures 4.3 and 4.4) were significantly higher compared to CCCM
exosomes recipient cells. Consequently, this can increase the invasive capacity
of cells (Yu et al., 2017).

Furthermore, gPCR data showed that exosomes derived from irradiated cells
increased the expression of vimentin and GalNAc-T6 genes and decreased E-
cadherin gene expression as shown in Figure 4.7. The possible mechanisms can

be involved in migration and invasion of MCF-7 breast cancer cells are clarified
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as shown in Figure 4.15. Exosomes isolated from irradiated cells could contain
specific factors such as miRNA that result in the activation of the growth factor
TGF-B-1. The active form of TGF-B-1 can activate the cell membrane growth
factor receptors TGFR, which in turn activate phosphoinositide 3kinase (PI3K),
leading to phosphorylation of protein kinase B (also known as, AKT1) (Rao et al.,
2017). Phosphorylated AKT1 turns on phosphorylation of vimentin (Zhu and
Zhou, 2011; Zhu et al., 2011b) Phosphorylated vimentin can resist proteolysis of
the proteolytic enzymes and reduce apoptosis. An increase in the level of
phosphorylated vimentin in the recipient cells promotes the activity of the AXL
gene and increases migration and invasion of cancer cells (Vouri et al., 2016).
Moreover, increases in the level of phosphorylated vimentin can lead to an
increase in the formation of the vimentin-scrib protein complex. The latter resists
the proteolysis, which can lead to increased migration and invasion of cancer
cells (Phua, Humbert and Hunziker, 2009). Alternatively, an increase in TGF-§3
could activate another pathway involving the zinc finger protein box, SNAIL and
SLUG gene expression, which inhibits expression of E-cadherin leading to a
reduction in the abundance of E-cadherin protein in the cell membrane.

Consequently, this can increase cell dissociation and motility.

137



Zinc finger box genes

E-cadherin

VIM-Scrib protein

rowth factor

igration iy )

Figure 4.15 Schematic diagram illustrates the possible mechanisms of exosomes
bystander induce migration and invasion of cancer cells.

Cells exposed to IR showed an increase in the level of ROS and DNA damage that leading to
increasing the stress in the irradiated cells. Cell under stress can produce high quantities of
cytokines, which can traffic to the endosomes as EVs / exosomes and release outside the cells.
EVs/ exosomes cytokines such as TGF-B can interact with the receptors on the cell surface and
activate pathways associated with activation of E-box genes; as a result, inhibition of E-cadherin.
Conversely, activation of the TGF-3 receptor can activate AKT1 genes leading to overexpression
of vimentin. On the other hand, exosomes that were released from irradiated cells can internalise
to the recipient cells and release its cargo (protein and RNA) in the cytoplasm of recipient cells.
These cytokines can activate E-box genes and inhibit the expression of E-cadherin. Similarly,
cytokines can activate AKT1-vimentin pathway leading to phosphorylation of scribe protein and
activate AXIL protein and increase migration and invasion of recipient cells.

The data presented here is also supported by Arscott et al. (2013) who studied
the potential effects of exosomes derived from irradiated cells on the invasive
capacity of unirradiated glioblastoma cells. They found that exosomes derived
from irradiated cells can induce a migratory effect on unirradiated cells. Radiation
can also alter the cargo of exosomes. For instance, Jelonek et al., found that 236
new types of protein in the exosomes that were isolated from irradiated head and
neck squamous carcinoma cells (HNSCC) (Jelonek et al., 2015). Moreover,
exosomes that were isolated from HNSCC following exposed to IR and transfer
to unirradiated cells enhance migration of HNSCC recipient cell (Mutschelknaus
et al., 2017). They irradiated BHY and FaDu HNSCC cells with gamma rays and

then isolated the exosomes and transferred them to unirradiated cells. Using
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proteomic analyses of protein, they showed a change in the exosomal protein
component, 39 proteins were upregulated for example, (PDAP1, FGFR1, RPSA,
PDAI4, ANP32A, SSB, HMGB3), and 36 proteins down-regulated including
(PABPC1, RAB11B, HSPA8,ACTG1, RAB1P, PHGDH) in the exosomes isolated
from irradiated cells compared to exosomes that were isolated from unirradiated
cells (Mutschelknaus et al., 2017).

It has been reported that over-expression of vimentin has an essential role in
EMT in breast carcinoma (Gilles et al., 2003). The researchers have used eight
types of breast cancer cell lines ‘(BT474, BT20, T47D, MCF-7, MDA-MB-231,
BT549, Hs578T, and MDA-MB-435)’. They study the relation between vimentin
and localisation of the B-catenin in these cell lines. They found MCF-7, BT474,
T47D and BT20 are epithelial, not invasive cells with high expression of E-
cadherin and low level of vimentin. Meanwhile, MDA-MB-435, Hs578T, BT549,
and MDA-MB-231 are fibroblastic shape, invasive cells, with a high level of
vimentin and low level of E-cadherin. The study also showed that localisation of
B-catenin in the nucleus and the cytoplasm of vimentin positive cells. Vimentin
expression can also be down-regulated by inhibiting expression of AXL receptor
tyrosine kinase genes (Asiedu et al., 2014), plasminogen activator, urokinase
PLAU, and integrin subunit beta 4 (ITG-B4 ) (Kawakami et al., 2015; Stewart et
al., 2016).

Moreover, exosomal cargo (miRNA and protein) could have a potential role in
breast cancer invasiveness. Data presented here showed that inhibition of
exosomal miRNA, exosomal proteins, or both, led to a decrease in the invasion of
MCF-7 as presented in Figure 4.12, 413 and 4.14. Further investigations
including TGF-B and candidate exosomal miRNA expression confirmed these
results. Data found that exosomes were isolated from irradiated cells exhibited a
high expression of TGF-B. Findings suggested that ICCM exosomes can transfer
a larger amount of TGF-f to the recipient cells than CCCM exosomes. Data also
suggest that exosomal RNA and proteins could play a critical role in the invasive
of MCF-7 cells in vitro. Previous studies have also confirmed the role of TGF-f3 in
cancer invasive and metastasis. David et al. (2016) reported that TGF-B can
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inhibit the invasion of breast cancer cells by activating Sox4 and inducing

apoptosis.

In contrast, TGF-B can induce angiogenesis and promote invasiveness of lung
cancer (Yu et al., 2015). The current study showed that an increase in the
expression of TGF-B was associated with an increase in the expression of
vimentin and a decrease in the expression of E-cadherin. The data in this study
concomitant with previous studies, confirm the role of TGF-B in the EMT and
invasive of cancer cells. TGF-$3 has been found elevated in the samples of gastric
cancer, that is associated with lymph node metastasis (Yen et al., 2017). The
researchers also found there is no correlation between the level of TGF-f3 and the
age, gender and location of cancer. Moreover, they found a strong correlation
between the TGF- expression and the stage of cancer, high level of TGF- was
associated with late-stage of gastric carcinoma. Other evidence in the role of
TGF-B used rat mesangial cells. The researchers irradiated cells with gamma

rays. They found an increase in the level of TGF-B-1(O'Malley et al., 1999).

The novel findings in this study conclude that the IR can promote EVs/exosomes
formation in irradiated cells and these vesicles can transfer oncogenic factors
such as TGF-B which can regulate expression of E-box gene transcription
factors. Consequently, the reduction of E-cadherin level and increase the
expression of vimentin. The data also showed an increase in the HPA positivity
following exosomes transfer, and that was associated with a change in the EMT
markers. Therefore, the invasive capacity of MCF-7 cells was increased.
However, the relationship between IR, TGF-f3, glycosylation and cancer invasion

need to be addressed, and that will discuss in the last chapter.
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Chapter 5

lonising radiation promotes invasiveness capacity of breast cancer stem
cells

5.1 Introduction

Breast cancer cells have different origins and showed diverse in their ability to
metastasise as described in Sections 1.1 and 2.2. MCF-7 cells as moderate
metastasis cells, showed high responses to IR and media factors, as
demonstrated in the previous chapters. In comparison, breast cancer stem cell
(BCSCs) responses to IR need to be addressed; this could reveal different
responses to IR and media factors. Certain types of breast cancer cells can
metastasise and initiate cancer in distant. This group of cells was termed triple-
negative breast cancer cells. These types of cancer cells can also exhibit cancer
stem cell phenotypes such as CD44""9"/ CD24™"" and aldehyde dehydrogenase -
1 (ALHD1%) (Phillips, McBride and Pajonk, 2006; Jin et al., 2016; Li et al., 2017c¢).
Much evidence has been shown that MDA-MB-231 breast cancer cells exhibited
cancer stem cells properties (Phillips, McBride and Pajonk, 2006; Holliday and
Speirs, 2011; Li et al., 2017c; Yamamoto et al., 2017; Konge et al., 2018). For
these reasons, MDA-MB-231 cells might be better candidates for looking at

‘stemness’.

Cancer stem cells (CSCs) were first recognised in human blood cancer, acute
myeloid leukaemia (Gibbs et al., 2011). In breast cancer, CSCs have also been
identified and termed BCSCs. They are identified by the presence or absence of
cell surface markers, CD44 and CD24. Al-Hajj et al. (2003) demonstrate that
human BCSC displays CD44*"" and CD24™"".

CSC has been described as a unique tumourigenic factor in cancer studies. It is
thought to be responsible for tumour initiation (Tysnes and Bjerkvig, 2007). In the
paradigms of cancer development, it was hypothesised that CSC could play an
essential role in the initiation and progression of cancer. It has been reported that
cancer arises from a subset of cells which have the ability of self-renewal and
also to differentiate to different types of cells which contribute to the formation of
a cancer mass (Dhawan et al., 2014). CSC seems to undergo asymmetrical

division, results of this division one cells as a daughter who has the same
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characteristic of original cells and can divide and initiate other cancer cells. The
second cells have a high potential capacity for proliferation and differentiation. As
a result, the tumour has a heterogeneous proportion of cells including CSC, CSC
progenitor-like cells, and mature cancer cells (Wicha, Liu and Dontu, 2006; Kaur,
Singh and Kaur, 2014). Evidence showed that knockdown of CD44 causes
differentiation of breast CSCs to adult cancer cells. Pham et al. (2011) isolated
the CD447/CD24  cells from primary tumours of 10 patients and maintained cells
in primary tissue culture; they knocked down the CD44 using hairpin RNA
lentivirus. The results showed a decrease in the tumourigenicity of cells in the
immune inhibited mice and also altered in cell cycle and the expression profile of

some genes linked with stemness.

Furthermore, the metastasis of CSC can be regulated by transcription factors
such as TGF-B, SNAIL, SLUG, and TWIST. TGF- is known to be an important
regulatory factor during embryonic and cancer development, involving of growth,
differentiation and migration of cells (Jia et al., 2014; Li, Wei and Ding, 2016; An
et al., 2018).

Interestingly, BCSCs that were generated using TGF- exhibit EMT morphology
and radio-resistance characterisation (Konge et al., 2018). They have treated
human mammary epithelial cells (HMLE) with TGF-p-1 for 5-10 days with the
replacement of media every 48 hours, after a period of incubation; they found a
significant increase in the percentage of CD44", CD24 cells in the population of
treated cells compared to the control non treated cells. Using phase-contrast
microscope, they also found that TGF-B-1 treated cells exhibited morphological
changes from cuboidal epithelial cells to fibroblast-like cells and mesenchymal
cells. These results suggest that TGF-B involved in the regulation of EMT in
HMLE treated cells. They also measured the viability of cells following exposure
to IR; they found that cells that were treated with TGF-B-1 exhibited a high
percentage of live cells compared to untreated cells. However, the mechanisms
involved in TGF- and glycosylation in the invasiveness of BCSCs following IR

remains incompletely understood.

Furthermore, extensive evidence suggests that cancer stem cells are more

resistant to radiotherapy than other primary cancer cells (Phillips, McBride and
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Pajonk, 2006; Wang et al., 2014a) via regulation the intrinsic factors, such as
cyclin-dependent kinases (CDKs) and DNA repair and survival pathways
(Ronchini and Capobianco, 2001). These factors can transfer to unirradiated cells
via EVs and induce the non-targeted effect of IR. Moreover, proteomic analyses
of EVs/exosomes cargo showed that protein in exosomes that were isolated from
MDA-MB-231 showed different hierarchy than MCF-7 exosomes (Kruger et al.,
2014).

IR is routinely used for treating cancer. With the improvement and development
of the technique, radiotherapy has become an effective tool to treat more than
50% of cancer cases (Delaney et al.,, 2005). However, there remains high
mortality from cancer due to recurrence and metastasis of cancer cells following
irradiation (Li et al., 2016b). Studies have demonstrated that CSCs are claimed to
be responsible for radiotherapy resistance and recurrence in various type of
cancer (Li et al., 2016b). For example, Phillips, McBride and Pajonk (2006) stated
that MDA-MB-231 breast cancer cells display cancer stem cell characteristics,
such as being CD44" and CD24" and showed resistance to IR. de Jong et al.
(2010) reported that CD44" larynx cancer showed greater resistance to
radiotherapy in comparison to CD44" cases, as described in detail in Section 1.4.
Moreover, Du et al. (2011) stated that pancreatic cancer cells that exhibit cancer
stem cell markers CD133 and are undergoing EMT are more resistant to the

chemo-radiotherapy.

The relationship between radiation and EMT has attracted growing attention
during the last decade. As described in section 1.6.1, a considerable number of
studies have demonstrated that IR can induce phenotypic characteristic similar to
EMT in irradiated cells (Zhou et al.,, 2011; Vares et al., 2013; Young and
Bennewith, 2017). For example, KYSE-150R radio-resistant oesophageal cancer
cells showed morphological changes similar to EMT, and this was associated
with an increase in the mesenchymal markers, snail and twist and a decrease in
the epithelial marker E-cadherin (Su et al., 2015).

Moreover, various studies have reported the involvement of IR in inducing EMT
and induce cancer stem cells properties. Wang et al. (2013b) state that the ratio

of CSC in PC-3, LNCaP, and DU145, prostate cancer cell culture was increased
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following exposure to IR. Lagadec et al. (2012) revealed that IR could induce
cancer stem cell properties in non-cancer stem cell-like breast cancer cells, the
authors exposed (SUM159PT) breast cancer cell, isolated from breast cancer
specimens, T47D and MCF-7 breast cancer cells to various doses of irradiation
for five days. They found an increase in the percentage of CD44"/ CD24  and
ALDH1 positive. The authors suggest that the population of CSC was significantly

increased following irradiation in a dose-dependent manner.

Glycosylation of CD44 and CD24 could play a crucial role in the invasion of CSCs
as described in Section 1.4.1. Briefly, CD44 has been identified as a universal
marker for CSCs in many types of cancer as alone or with other markers such as
CD24 (Yan, Zuo and Wei, 2015). Altered glycosylation of CD44 has been shown
to be associated with metastases of human cancer (Hakomori, 1996). Thus, it
has been proposed that BCSCs may express different signalling than MCF-7,

that could contribute to IR induce invasion of cancer cells.

The role of IR and exosomes derived from irradiated cells on the invasive
capacity of BCSCs linked with changes in glycosylation and EMT markers have
previously not been explored. Therefore, this study was set up to investigate the
targeted and non-targeted effect of IR (the classic bystander effect, exosome
bystander and exosomes cargo inhibition) on MDA-MB-231 BCSs. To achieve

these objectives, the following was carried out:
1- Investigate CSC markers in the MDA-MB-231 cells.

2. Determine the role of the positivity and negativity of HPA in the invasive MDA-
MB-231 cells

3- Measure the cell viability and ROS formation.
4- Determine the invasive capacity of MDA-MB-231 BCSs directly following IR

5- Determine the candidate genes that are associated with the invasive capacity
of MDA-MB-231 BCSs.

6-Determine protein expression following IR and which is associated with the
invasive ability of MDA-MB-231 BCSs.
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7- Characterisation of the exosomes derived from irradiated and unirradiated

cells regarding their size and concentration.

8- Determination of the change in immunopositivity of EMT markers (vimentin
and E—cadherin) in MDA-MB-231 BCSs following media transfer.

9- Determination of the change in immunopositivity of the glycosylation marker
HPA in MDA-MB-231 BCSs following exosomes transfer.

10- Determination of the change in the invasive capacity of MDA-MB-231 BCSs

following treatment with exosome-depleted media.

11- Investigation of the effect of exosome cargo inhibition on MDA-MB-231 BCSs
invasive capacity, EMT (vimentin and E- cadherin) and glycosylation HPA

markers.

12- Determination of the expression of candidate genes such as the GalNAc-T6,
as well as detection of changes in vimentin and E- cadherin and other candidate

genes expression that listed in Table 2.1.

13- Determination of the expression of TGF- protein in the exosomes and in the

cells treated with exosomes, which may have an impact on cancer cell invasion.

14- Determination of the change in the abundance of exosomal miRNA, which

may be associated with the invasive capacity of MDA-MB-231 BCSs.

5.2 Results

5.2.1 Cancer stem cell labelling

MDA-MB-231 cells were labelled for the presence of CD44 and CD24. Flow
cytometry was used to detect the CD44 and CD24 negative and positive cells, as
described in section 2.9. Data demonstrated that 91.61% of MDA-MB-231 cells
showed positive labelling to the CD44 antibody. Meanwhile, 1.26% of the cells
were CD24 positivity, and the rest of the cells showed negative responses to the
CD24 antibody, as shown in Figure 5.1.
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Figure 5.1 Cancer stem cell labelling.

MDA-MD-231 breast cancer cells were labelled with anti CD44 and anti CD24 antibodies; cells
showed CD44 positive and CD24 negative responses. The red colour represents the negative
cells to CD44. While green colour represents positive cells to CD44, panel (A). The greenish
colour in the left hand represents the negative cells to the CD24. Cells also did not exhibit positive
responses to CD24; Therefore, the histogram did not move to the right hand of the gate, panel (B)
The experiment was carried out in triplicate. The plot is representative of the distribution of data
from 3 experiments.

5.2.2 The role of HPA positivity/negativity in the invasive of MDA-MB-231
cells
MDA-MB-231 cells for both the upper and lower surfaces of the insert membrane

appeared singular and discrete and hence easier to analyse for positive and
negative cells as shown in Figure 5.2 panel A. Therefore, MDA-MB- 231 were
considered the best candidate to describe the role of HPA positivity in the

invasiveness of the breast cancer cells compared to MCF-7 cells.

Cells showed a high level of HPA positivity (90%) in the upper surface of the

insert compared to the negative HPA cells after 4 hours. Cells continued to
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maintain the level of HPA positivity (90%) after 8, 16 and 24 hours; in other
words, cells did not show any change in the HPA negativity/positivity in the upper
surface cells. In contrast, after 4 hours, HPA negative cells (80%) were observed
higher in the lower surface of the insert (Cells passed through the membrane)
compared to the HPA positive cells (20%). However, over time, the percentage of
HPA negative cells decreased in preference to a gradual rise in positive labelled
cells, which increased from 20% to approximately 40% after 8 hours incubation
and this level was further increased at subsequent time-points reaching ~ 55%

HPA positivity after 16 and 24 hours as shown in Figure 5.2.
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Figure 5.2 Percentage of HPA positivity and negativity in MDA-MB-132 cancer
cells in the upper and lower surfaces of inserts in the transwell co-culture system.

MDA-MB-231 is shown to be discrete in both upper and lower side of the inserts membrane. A
clear characteristic future of the negative and the positive cells were observed, panel A. A high
percentage of MDA-MB-231 cells that had passed through the insert membrane were HPA
negative after 4 hours (Panel B1), while the percentage of HPA negative cells were shown to
have decreased over time (B2, B3, and B4). The data presented as a percentage + the SEM of
three independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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5.2.3 Cell viability
Cell viability was measured as described in Section 2.5.1. Irradiated MDA-MB-

231 cells showed a significant (p<0.0001) decrease (72.3%) in the percentage of
viable cells after 2 Gy X-irradiation compared to 0 Gy irradiated cells (83.6%). 2
Gy irradiated cells also showed a significant (p<0.0001) increase in the
percentage of dead cells (27.7%) compared to 0 Gy cells (16.4%) as shown in
Figure 5.3.

Percentage of viable and dead cells

Viable Viable Dead

MDA-MB-231 0Gy MDA-MB-231 2Gy

Figure 5.3 Viability of MDA-MB-231 cells post IR.

Cells showed a significant decrease in the viability of irradiated cells compared to unirradiated
cells (+5.8) standard deviation. The data presented as a percentage * the SEM of three
independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.4. Reactive oxygen species

ROS was measured in the cells after 30 minutes following irradiation using Muse
cell analyser as described in Section 2.5.2. MDA-MB-234 showed a non-
significant change in the percentage of ROS™ cells (11%) following 2 Gy x-
irradiation compare to 0 Gy unirradiated cells (13%) as shown in Figure 5.4. A
non-significant change in the total number of ROS™ cells was also observed

between 2 Gy irradiated and 0 Gy unirradiated cells Figure 5.4. B.
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Figure 5.4 ROS" in MDA-MB-231 cells post IR.

Cells showed a non-significant decrease in the number of ROS” cells at 2 Gy irradiated cell
compare to 0 Gy cells. The data presented as a percentage + the SEM of three independent

experiments. (*p<0.05, ** p<0.001, *** p<0.0001).
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5.2.5 Invasiveness capacity of MDA-MB-231 cells following IR
HPA, EMT markers and invasion of MDA-MB-231 cells were analysed as

described in Sections 2.6, 2.7 and 2.10. The irradiated cells showed a significant
(p=<0.0001) increase in the number of invasive cells (1712 cells) out of 75000
cells at 2 Gy IR compared to 0 Gy irradiation (1232 cells) out of 75000 cells. Cells
also demonstrated a significant (p<0.0001) induction in the level of vimentin
immunopositivity (76%) compared to 0 Gy cells (67%). Moreover, a significant
decrease in E-cadherin immunopositive percentage (77%) was observed in
comparison with 0 Gy cells (82%)., MDA-MB-231 cells also showed a significant
(p=<0.0001) increase in the HPA positive cells (72%) post 2 Gy irradiation

compared to 0 Gy control (62%), as presented in Figure 5.5.
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Figure 5.5 Analysis of invasive capacity, EMT markers and HPA labelling in
irradiated MDA-MB-231 cells

After 2 Gy irradiation, there was a significant increase in the percentage of invasive cells. There
was also a significant increase in the vimentin immunopositive cells and a decrease in E-cadherin
positivity, and this was associated with an increase (p<0.0001) in the percentage of HPA positive
cells compared to 0 Gy control. The data presented as a mean of a total number of invasive cells,
and the percentage of HPA and EMT markers positive cells. The error bars represent the SEM of
invasive cells and the percentage of HPA and EMT markers. The experiment was carried out in
triplicate; (*p<0.05, ** p<0.001, *** p<0.0001).
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5.2.6 The ratio of vimentin/ E-cadherin following direct IR
The ratio of vimentin to E-cadherin in the MDA-MB-231 cells was 45% before

irradiation. This ratio was increased to 50% following 2 Gy X-irradiation as shown

in Figure 5.6.

A 0Gy MDA B 2Gy MDA

M Vim. WE-cad WVim. WE-cad

55% 50%

Figure 5.6 The ratio of vimentin to E-cadherin in MDA-MB-231 breast cancer cells
following 2 Gy X-irradiation.

The ratio of vimentin to E-cadherin increased to 50% following 2 Gy in MDA-MB-231 breast
cancer cells compared to 45% in control irradiated cells. The data presented as a percentage of 3

independent experiments.

5.2.7. EMT markers following IR using Flow cytometry
To confirm previous data of EMT markers (vimentin and E-cadherin) that were

presented in Section 5.2.5, MDA-MB-231 were exposed to IR. After 24 hours
post-irradiation, vimentin and E-cadherin immunopositivity were analysed in the
cells using flow cytometry as described in section 2.8. Cells showed a significant
(p=<0.0001) increase in the percentage of vimentin positive cells (88.6%) post 2
Gy irradiation compared to 0 Gy cells (82%). Irradiated cells also presented a
significant (p<0.0001) decrease in the percentage of E-cadherin immunopositivity
(73.89%) compared to 0 Gy cells (control) (79.63%) as shown in Figure 5.7
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Figure 5.7 Flow cytometry analyses for specific binding of EMT markers vimentin
and E-cadherin post-IR.

MDA-MB-231 cells showed a significant (p< 0.0001) increase in the percentage of vimentin
immunopositivity and significant (p< 0.0001) decrease in E-cadherin immunopositivity post 2 Gy
IR compared to 0 Gy cells. Grey colour represents the main population of cells under the test.
While a green colour represents the cells outside the polygonal shape. The plot is representative
of the distribution of data from 3 experiments

5.2.8. Vimentin, E-cadherin and GalNAc-T6 gene expression post-IR
In order to confirm the relevant genes associated with vimentin, E-cadherin and

GalNAc-T6, gPCR was used to detect the candidate genes that were described
in Table 2.1 and Section 2.13. MDA-MB-231 cells showed a significant (p<
0.0001) increase in the expression of vimentin following 2 Gy X-ray compared to
the 0 Gy unirradiated cells. Cells also demonstrate a higher level of GalNAc-T6
expression (p< 0.0001) in the 2 Gy irradiated cells compared to the 0 Gy cells.
Nevertheless, cells showed a significant (p< 0.0001) decrease in the level of E-
cadherin expression in the 2 Gy irradiated cells compared to the control as shown

in Figure 5.8.
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Figure 5.8 Candidate genes expression following IR in MDA-MB-231 cells.

Cells showed a significant increase in vimentin and GalNAc-T6 expression 4-hour post-irradiation.
Also, cells showed a decrease in E-cadherin expression. The error bars represent the standard
error of the candidate gene expression. The data presented as a mean * the SEM of three
independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.9 E-box genes, TWIST and MMP gene expression
In order to target the molecular mechanisms that may be involved in EMT

following X-irradiation. After 24 hours following irradiation, E-box genes (SLUG,
SNAIL, ZEB), TWIST and MMP gene expressions were measured using qPCR
as described in Section 2.13. Cells showed a significant (p< 0.001) increase in
SLUG and ZEB gene expression following 2 Gy X-irradiation compared to sham
irradiated 0 Gy cells. Cells also showed a significant (p< 0.05) increase in SNAIL
gene expression following irradiation compared with 0 Gy irradiated cells. A
highly significant (p< 0.0001) increase in TWIST and MMP gene expression was
also observed in 2 Gy irradiated cells compared to 0 Gy sham unirradiated cells

as shown in Figure 5.9.
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Figure 5.9 E-box (SLUG, SNAIL and ZEB), TWIST and MMP genes expression
following X-irradiation.

SLUG and ZEB gene expression were significantly increased in MDA-MB-231 cells following X-
irradiation compared to 0 Gy sham irradiated cells. There was a significant change in SNAIL gene
expression following 2 Gy IR compared to 0 Gy sham cells. TWIST and MMP gene expression
were also significantly increased in 2 Gy X-irradiated cells compared to 0 Gy sham unirradiated
cells. The data presented as a mean + the SEM of three independent experiments. (*p<0.05, **
p<0.001, *** p<0.0001).

5.2.10 TG-F B in MDA-MB-231 cells following X-radiation

To confirm whether the level of TGF-B protein and gene expression were
increased in MDA-MB-231 cells post-IR, cells were exposed to 0 Gy and 2 Gy X-
irradiation. TGF-B gene and protein expression were measured using gPCR and
western blot as described in Sections 2.13 and 2.14. Cells showed a significant
(p= 0.001) increase in the TGF-B gene expression following 2 Gy X-irradiation
compared to the unirradiated 0 Gy cells (Figure 5.10 A). Western blot assay was
used to determine the levels of TGF-B protein following X-irradiation. Cells
showed a significant (p< 0.001) increase in the quantity of TGF- protein after 2
Gy irradiation compared to the 0 Gy cells. Cells also demonstrated an increase in
the relative quantity of irradiated cells compared to the control cells as shown in
Figure 5.10.B.
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Figure 5.10 gPCR and western blot of TGF-3 in MDA-MB-231 cells following
irradiation.

There is a significant increase in the gene expression and the level of TGF- at 2 Gy compared to
0 Gy direct irradiation. Cells also showed a significant increase in the relative quantity of TGF-
protein 46 kDa at 2 Gy irradiation compared to 0 Gy irradiated cells (black arrows) after 24 hours
post-irradiation. The graph represents densitometry data drawn from blot images. The data
presented as a mean + SEM of three independent experiments. (*p<0.05, ** p<0.001, ***
p<0.0001).
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5.2.11 Bystander effect: Media transfer
In order to investigate whether the IR induces cell communication associated with

invasiveness, CCCM and ICCM media were transferred to unirradiated cells as

described in Section 2.11.

Cells showed a significant (p < 0.0001) increase in the number of invasive cells
following ICCM transfer compared to the cells treated with CCCM or the control,
cells group. Cells also demonstrated a significant (p < 0.0001) increase in the
percentage of vimentin and HPA positive cells following ICCM transfer compared
to CCCM treated cells or control cells group. Meanwhile, ICCM treated cells
showed a significant (p < 0.0001) decrease in the E-cadherin immunopositive
cells compared to the cells treated with CCCM or control cells group. Moreover, a
non-significant increase in the number of invasive cells was observed in CCCM
(0 Gy media treated cells) compared to cells group control as shown in Figure
5.11.
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Figure 5.11 Analyses of invasive capacity, EMT markers and HPA labelling in
bystander effect cells, 24 post-media transferred.

Cells showed a significant increase in the number of invasive cells at 2 Gy BE cells compared to
control and 0 Gy BE cells, and this was associated with a decrease in epithelial marker E-
cadherin and an increase in the mesenchymal marker vimentin. Cells also showed an increase in
the percentage of HPA positive cells following 2 Gy BE cells compared to 2 Gy BE cells or the
control cells group. The error bars represent the standard error of the mean of invasive cells and
the percentage of HPA and EMT markers. The experiment was carried out in triplicate. (*p<0.05,
** p<0.001, *** p<0.0001).
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5.2.12 Size and concentration of exosomes in MDA-M-231 post IR
Size and concentration of exosomes were characterised as described in Section

2.12.3. Cells showed significant (p < 0.0001) increase in the concentration of
ICCM exosomes (1.2X10"" exosomes/ml) at 2 Gy X-irradiation compared to
exosomes derived from 0 Gy irradiated cells; however, a non-significant increase
in the size of exosomes was observed in ICCM exosomes compared to
exosomes isolated from CCCM after 4 hours post-irradiation as presented in
Figure 5.12.

mm Size  —#— Conc.

_ - 1.4E+11 _
) £
o -
e 100 - 120411 §
5 S

m
o 80 . - 1E411 5
5 8
3 - 8E+10 £
S . 60 - S
LLl E —
= - 6E+10 E
£ 40 - S
5 - 4410 8
2 &
s 20 - - 2E+10 @
an S
) t
g 0 - - 0 =
< 0 Gy 2 Gy

Figure 5.12 Mean exosome size and concentration in irradiated MDA-MB-231
cells 4 hours following 2 Gy X-irradiation.

Cells showed a non-significant difference in exosome size at 4 hours post-irradiation; whereas, a
significant increase in the exosome’s concentration/ml was observed that were isolated from
irradiated cells following 2 Gy X-irradiation. The error bars represent the standard error of
exosomes size and concentration. The experiment was carried out in triplicate; (*p<0.05, **
p<0.001, *** p<0.0001).

5.2.13 Invasive capacity of MDA-MB-231 post exosome transfer
HPA, EMT markers and invasion of MDA-MB-231 cells were measured following

exosomes transfer as described in Section 2,12,4. A significant (p< 0.0001)
increase in the number of invasive cells was observed post-ICCM exosome
transfer compared to the cells treated with CCCM exosomes. Cells also showed
a significant (p< 0.0001) increased in the vimentin positive cells and a decrease

(p= 0.0001) in E-cadherin positive cells. Moreover, cells showed a significant (p<
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0.0001) increase in the HPA positive cells post 2 Gy ICCCM transfer compared to
the 0 Gy CCCM transfer as presented in Figure 5.13.

. V. — HPA ——\im. E-cad.
3500 - 120
o ek -
£ 3000 g
g =
£ 2500 - =
k]
= £
£ 2000 - :g
5% s %
=
g 8 1500 ze
-]
g 1000 g
c
& 2
o 500 - ]
g a
<
0
0Gy Exo 2Gy Exo

Figure 5.13 Effects of exosomes on the invasiveness of MDA-MB-231 cells.

Exosomes were isolated from CCCM (0 Gy) and ICCM of 2 Gy irradiated cells and then
transferred to healthy unirradiated cells. Cells showed a significant increase in the percentage of
cells that invaded the Matrigel membrane associated with an increase in the HPA labelling of cells
and vimentin immunopositivity, and a decrease in the E- cadherin immunopositivity. The error
bars represent the SEM of invasive cells and the percentage of HPA and EMT markers. The
experiment was carried out in triplicate; (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.14 EMT markers following exosome transfer assessed using flow
cytometry
MDA-MD-231 unirradiated cells were exposed to CCCM and ICCM exosomes,

the percentage of vimentin and E-cadherin positive cells were analysed using
flow cytometry as described in Section 2.8. Data showed a significant increase in
the percentage of vimentin immunopositive cells after 2 Gy ICCM exosomes
transfer compared to the CCCM exosomes treated cells. A significant decrease in
the percentage of E-cadherin positive cells was observed post ICCM exosomes
treatment compared to the cells that received CCCM exosomes as shown in
Figure 5.14.
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Figure 5.14 Flow cytometry analysis of EMT markers vimentin and E-cadherin
post-exosomes transfer.

There was a significant (p< 0.0001) increase in the number of vimentin immunopositive cells 2 Gy
exosomes treated cells compared to 0 Gy exosomes treated cells, right hand of the histogram.
There was also a significant (p< 0.0001) decrease in E-cadherin immunopositivity in post 2 Gy
exosomes transfer cells compared to cells treated with exosomes isolated from CCCM, right hand
of the histogram. The blue colour represents the cells positively react with E-cadherin. Meanwhile
the red colour represents cells negatively react with E-cadherin. The green colour represents the
cells outside the polygonal shape and not involved in test. The plot is representative of the
distribution of data from 3 experiments.

5.2.15 Gene expression post exosome transfer
In order to confirm the data for vimentin, E-cadherin and HPA positivity, g°PCR

was utilised to measure candidate genes expression following exosome transfer
as described Section 2.13. Cells showed a significant increase in vimentin gene
expression post ICCM exosomes transfer compared to the CCCM exosomes
treated cells. Cells also showed a significant decrease in E-cadherin gene
expression in 2 Gy ICCM exosomes recipient cells compared to the cells that

treated with CCCM exosomes. Moreover, cells showed a significant increase in
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the GalNAc-T6 gene expression post 2 Gy ICCM exosomes transfer compared to

CCCM exosomes treated cells as presented in Figure 5.15.
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Figure 5.15 Genes expression in MDA-MB-231 recipient cells following
exosomes transfer.

MDA-MB-231 cells treated with 2 Gy ICCM exosomes and 0 Gy CCCM exosomes. 24 hours
following exosome treatment, cells showed an increase in vimentin gene expression and a
decrease in E-cadherin gene expression in 2 Gy ICCM exosomes treated cells. Cells also showed
a high level of GalNAc-T6 expression flowing 2 Gy exosomes transfer. The error bars represent
the SEM of the candidate gene expression, 3 replicate experiments were carried out. (*p<0.05, **
p<0.001, *** p<0.0001).

5.2.16 E-box genes expression and TWIST in the exosome recipient cells
As described in Section 4.3.7 and the literature, E-box genes (SLUG, SNAIL and

ZEB) control the expression of E-cadherin (Giroldi et al., 1997; Yamashita et al.,
2004; Kilic et al., 2016) and the EMT can be regulated by TWIST and MMP gene
expression via TGF-B (Pozharskaya et al., 2009; Smit et al., 2009; Fan et al.,
2015; Wang et al., 2016). To address whether the exosomes can carry
substances such as protein and RNA that could induce EMT in MDA-MB-231
recipient cells, gPCR was used to investigate the mechanism behind inhibition of
E-cadherin gene expression post-2 Gy-exosome transfer, as described in Section
2.13. MDA-MB-231 cells were treated with 0 Gy exosomes and 2 Gy exosomes.
After 24 hours post exosome transfer, cells were lysed, and candidate genes
expression were analysed using qPCR as described in Section 2.13.

Data showed a significant (p<0.05) increase in the E-box (SNAIL, SLUG) gene

expression post 2 Gy exosome transfer compared with 0 Gy exosome transfer.
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Moreover, highly significant (p<0.0001) increase in ZEB gene expression was
observed in 2 Gy exosome-treated cells compared with control. Moreover, 2 Gy
exosome- treated cells also showed a significant (p<0.05) increase in TWIST and
highly significant (p<0.0001) increase in MMP gene expression compared with 0

Gy exosome-treated cells as presented in Figure 5.16.
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Figure 5.16 Expression of E-box gene, TWIST and MMP in exosome recipient
cells.

2 Gy exosome-recipient cells showed a significant increase in SLUG and SNAIL gene expression
compared to 0 Gy control. A highly significant increase in ZEB and MMP genes expression was
also observed in 2 Gy exosome-recipient cells compared with 0 Gy exosome-recipient cells. 2 Gy
exosome-treated cells also showed a significant increase in TWIST gene expression compared
with 0 Gy exosome-treated cells. The error bars represent the SEM of the candidate gene
expression of 3 independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.17. TGF-B gene and protein expression post exosome transfer
To investigate whether the TGF-3 has a role in the invasive capacity of MDA-MB-

231 breast cancer cells, gPCR and western blot were performed to measure the
amount of TGF-B in the experimental groups as described in Sections 2.13 and
2.14. The 2 Gy ICCM exosome treated cells showed a significant increase in
TGF-B gene expression compared to the 0 Gy exosome treated cells. A
significant (p<0.05) increase in the quantity of TGF- protein was observed in the
ICCM exosome recipient cells compared to the CCCM exosomes treated cells.
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Cells that received ICCM exosomes showed a significant (p<0.05) increase in the
intensity of latent TGF- band 46 kDa compared to the CCCM exosomes treated
cells. However, the active TGF-B showed a faint band in 12 kDa, as shown in
Figure 5.17.
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Figure 5.17 TGF-B gene and protein expression post exosome transfer in MDA-
MB-231 recipient cells.

The expression of TGF-B gene using qPCR was a significant (p<0.001) increase following
exosomes transfer (panel A) and that was associated with a significant (p<0.05) increase in the
level of TGF- proteins 46 kDa in 2 Gy exosomes recipient cells compared to 0 Gy exosomes
treated cells 4 hours post-treatment. There was no clear band showed at 12KDa. Western blot
also showed an increase in intensity and volume of TGF-f3 bands in 2 Gy exosome treated cells
(Panel B). The graph represents densitometry data drawn from blot images. Data presented as a
mean + SEM of 3 independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.18. Exosome-depleted media transfer
In order to confirm the influence of exosomes on the invasiveness of MDA-MB-

231 cells, CCCM and ICCM exosome depleted media were transferred to

unirradiated fresh cells. After 24 hours following ICCM exosome depleted media
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transfer, HPA, EMT markers and invasion of MDA-MB-231 cells were measured
as described in section 2.12.5. There was a very low significant increase in the
number of invasive cells compared to the cells received CCCM depleted media.
However, both recipient cell populations did not demonstrate a significant change
in vimentin and E-cadherin immunopositivity. Moreover, cells did not show a
significant difference in the HPA positivity following depleted media transfer as

shown in Figure 5.18.
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Figure 5.18 Effect of exosome depleted media on invasiveness capacity of MDA-
MB-231 cells

MDA-MB-231 cells were treated with 0 Gy CCCM, and 2 Gy ICCM exosome depleted media.
Cells showed a significant (p<0.05) increase in the percentage of invasive cells after 2 Gy ICCM
exosome depleted media compared to cells treated with 0 Gy CCCM exosome depleted media.
There was not a significant difference between the number of invasive cells after treatment with 0
Gy media depleted exosome compared to control group cells. In addition, a non-significant
change in the percentage of vimentin, E-cadherin and HPA positive cells was observed after
treatment with 2 Gy exosome depleted media compared to 0 Gy exosome depleted media. The
data presented as a mean of a total number of invasive cells, and the percentage of HPA and
EMT markers positive cells. The error bars represent the SEM of 3 independent experiments.
(*p<0.05, ** p<0.001, *** p<0.0001).

5.2.19 Relevant exosomal miRNAs in MDA-MB-231 cells
To identify candidate miRNAs in the exosomes that could have a role in cancer

cell invasion, 0 Gy and 2 Gy exosomes were lysed, and total RNA was
measured. Candidate exosomal miRNA (Let-7a, miR-30a, miR-200b and miR-9a)

expressions were explored using qPCR, as described in Section 2.13. These
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miRNAs have been chosen in this study because they have an important role in
EMT and invasion of cancer cells (Kim et al., 2012; Chan and Wang, 2015;
Chang et al., 2015; Cheng et al., 2012; Ma et al., 2010). Data showed a
significant increase in the expression of miR-9a in the exosomes isolated from
ICCM compared to the 0 Gy CCCM isolated exosomes. 2 Gy ICCM isolated
exosomes showed a significant decrease in the expression of miR-30a compared
to the 0 Gy CCCM isolated exosomes. ICCM isolated exosomes did not show a
significant change in the expression of Let-7a and miR-200b compared to CCCM

isolated exosomes, as shown in Figure 5.19.
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Figure 5.19 miRNA profile of CCCM and ICCM MDA-MB-231 exosomes.

ICCM exosomes display a significant (p<0.001) increase in the abundance of miR-9a compared
to CCCM exosomes. However, ICCM exosomes showed significant (p<0.001) decrease in the
amount of miR-30a compared to CCCM exosomes. Non-significant change in the level of Let-7a
and miR-200b was observed in the exosomes isolated from ICCM compared to CCCM
exosomes. The error bars represent the SEM of the relative quantity of miRNA in the exosomes
of 3 independent experiments. (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.20 TGF-B in MDA-MB-231 exosome
CCCM and ICCM exosomes protein were analysed using western blot assay as

described in Section 2.14, confirm the presence of TGF-B in the exosome that
was isolated from ICCM and CCCM. However, exosomes that were isolated from
ICCM showed an increase in the relative quantity of TGF-$ 46 kDa compared to

0 Gy CCCM exosomes as shown in Figure 5.20.
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Figure 5.20 TGF-B in MDA-MB-231 exosomes.

Exosomes that were isolated from irradiated cells showed a significant increase in the relative
quantity of TGF-B protein, latent 46 kDa at 2 Gy exosomes compared to the control 0 Gy
exosomes. The graph represents densitometry data drawn from blot images of 46 kDa band. The
data also showed an increase in the density of TGF-B 12 kDa at 2Gy exosome compared to 0 Gy

exosome. The data presented as mean + SEM of 3 independent experiments. (*p<0.05, **
p<0.001, *** p<0.0001).

5.2.21. Inhibition of exosomal cargo

To investigate the effect of exosome cargo molecules (RNAs and proteins) on
invasiveness capacity of MDA-MB-231 cells, exosomes were lysed and divided
into three fractions. The first fraction was treated with RNase-A to digest RNA
molecules of exosomes. The second fraction was heated at 100°C to inhibit the
exosome proteins. The third fraction was treated with RNase-A and then heated
to inhibit both RNA and protein molecules of exosomes. Then the exosome
fractions were transferred to fresh unirradiated cells as described in Section
2.12.6.

5.2.21. i Inhibition of exosomal RNAs
Data showed that cells were received RNase-A treated exosomes (exosomal

RNA inhibition at both doses of irradiation- CCCM exosomes RNA inhibited group
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and ICCM exosomes RNA inhibited group) showed a significant decrease in the
number of invasive cells compared to cells treated with CCCM 0 Gy exosomes or
ICCM 2 Gy exosomes respectively. There was also a significant decrease in the
number of HPA and vimentin positive cells and an increase in E-cadherin positive
cells in the same groups. Moreover, a non-significant change in the number of
invasive cells was observed in cells that received CCCM exosomes treated
RNase-A compared to cells received ICCM exosomes treated RNase-A, and also
in comparison with the positive control (heated RNase-treated cells) and negative
control cells group. Interestingly, the number of invasive cells and levels of HPA
and EMT marker-positive cells in the exosome-RNA inhibition recipient cells
returned to the same level as that of unirradiated cells (negative control) as

shown in Figure 5.21.
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Figure 5.21 Effect of exosome treatment and exosomal RNA inhibition on MDA-
MB-231 cells.

The number of invasive cells significantly (p<0.0001) increased in 2 Gy exosome treated cells
compared to 0 Gy exosome treated cells. Both groups 0 Gy exosomes treated cells and 2 Gy
exosomes treated cells showed a significant increase in the number of invasive cells compared to
the negative control (cells group), and that also was associated with an increase in the HPA and
vimentin positivity and a decrease in E-cadherin positive cells. There was also a significantly
(p<0.0001) reduced in the number of invasive cells at 0 Gy and 2 Gy exosomal RNA inhibition
compared to exosomes treated cells. The number of invasive cells, HPA and EMT markers in
RNA inhibited groups returned to the same level of the negative control (cell group). Heated
Rnase group is a positive control. The data presented as a mean of a total number of invasive
cells, and the percentage of HPA and EMT markers positive cells + the SEM of 3 independent
experiments (*p<0.05, ** p<0.001, *** p<0.0001).

5.2.21. ii Inhibition of exosomal protein

Cells treated with the heated exosomes showed a significant decrease in the
number of invasive cells compared to those treated with unheated exosomes that
were isolated from CCCM (0 Gy exosomes) and ICCM exosomes (2 Gy
exosomes). These cells also demonstrated a significant decrease in the number
of vimentin-immunopositive cells compared to the cells that received unheated
exosomes following. Conversely, the percentage of E-cadherin immunopositive
cells increased in the heated exosome recipient cells compared to those that
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received unheated exosomes. A significant decrease in the percentage of HPA
positive cells was also observed in the cells that were treated with. CCCM or
ICCM heated exosomes. The number of invasive cells, HPA and EMT positivity,
returned to the same level of the negative control (‘cells’ group) as shown in
Figure 5.22.
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Figure 5.22 The initial effect of exosome treatment and exosomal protein
inhibition on the invasive capacity of MDA-MB-231breast cancer cells.

A significant increase in the invasive capacity of 0 Gy and 2 Gy exosome treated MDA-MB-231
cells compared to the control group (cells). 2 Gy exosome treated cells also showed a significant
increase in the number of invasive cells compared to 0 Gy exosome treated cells. Meanwhile, 0
Gy and 2 Gy exosomal protein inhibition groups showed a significant reduction in the number of
invasive cells, HPA vimentin positivity and an increase in E-cadherin positive cells compared to 0
Gy exosomes treated cells, and 2 Gy exosomes treated cells respectively. However, 0 Gy and 2
Gy heated exosomes tread cells groups did not show significant differences in the number of
invasive cells or HPA, vimentin and E-cadherin positive cells compared to the negative control
(cells group). The data presented as a mean of a total number of invasive cells, and the
percentage of HPA and EMT markers positive cells + the SEM of 3 independent experiments
(*p<0.05, ** p<0.001, *** p<0.0001).

5.2.21 iii Inhibition of exosomes protein and RNA
MDA-MB-231 cells that were treated with exosome cargo inhibition (protein and

RNA) showed a significant decrease in the number of invasive cells compared to

the 0 Gy, and 2 Gy exosome treated cells, respectively. Interestingly, the number
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of invasive cells in both groups (0 Gy exosomes cargo inhibition and 2 Gy
exosomes cargo inhibition) returned to the same level of invasive cells of the
negative control (cells group). The reduction in the number of invasive cells in the
cells treated with exosomes inhibited cargo showed a decrease in HPA and
vimentin positivity and an increase in E-cadherin positive cells compared to 0 Gy
and 2 Gy exosomes treated cells respectively. Interestingly, the level of HPA,
vimentin and E-cadherin positive cells returned to the same level of negative
control (cells group) an The number of immunopositive cells for vimentin was
significantly decreased, and immunopositive for E-cadherin significantly increase
after treatment with RNase treated/heated (heated Rnase positive control) in
comparison to the cells that received CCCM and ICCM exosomes. A significant
decrease in the HPA positivity was also observed in these cells compared to the
0 Gy, and 2 Gy exosome treated cells, as shown in Figure 5.23. A negative
control (fresh cell) and positive control (Heated RNase treated cells) have been
utilised in this experiment for comparisons purpose, as the other groups of
exosomes treated with RNase to inhibit the exosomal RNA and then inhibit the
activity of RNase by heat. Therefore, the other group was treated with heated
RNase.
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Figure 5.23 Effect of exosomes treated cells and both exosomal cargo (RNA and
protein) inhibition on the invasive capacity of MDA-MB-231 cells.

A greater number of MDA-MB-231 cells were invasive after treatment with 0 Gy, and 2 Gy
exosomes treated cells compared to the negative control (cells group). The number of invasive
cells at 0 Gy and 2 Gy exosomes inhibited cargo was returned to the same level of unirradiated
cells control. The reduction in the number of invasive cells was associated with a decrease in
HPA and vimentin positive cells and a decrease in E-cadherin positive cells comparison to
positive control or negative control. Interestingly the number of invasive cells and the level of HPA
vimentin and E-cadherin following exosomes cargo inhibition returned to the same level of the
negative control (cells group). The data presented as a mean of a total number of invasive cells,
and the percentage of HPA and EMT markers positive cells. The data presented as a mean of a
total number of invasive cells, and the percentage of HPA and EMT markers positive cells * the
SEM of 3 independent experiments (*p<0.05, ** p<0.001, *** p<0.0001).

5.3 Discussion

As described in Section 2.2., MDA-MB-231 cells are a basal and triple-negative
breast cancer cells which reveal cancer stem cell characteristic (Phillips, McBride
and Pajonk, 2006; Holliday and Speirs, 2011; Li et al., 2017c; Yamamoto et al.,
2017; Konge et al., 2018). The current data confirm the previous studies as
described in Section 5.1. Therefore, MDA-MB -231 cells were tested for stem
cells characteristics using flow cytometry; cells exhibited high levels of CD44"
and low levels of CD24" as shown in Figure 5.1. This result was consistent with
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previous studies which reported that MDA-MB-231 display CSC properties, such
as CD44" and CD24". It has been stated that MDA-MB-231 cells demonstrate
cancer stem cells characteristics when labelled with CD44, CD24 and ALDH.
MDA-MB-231 also showed an increase in a number of mammosphere formation
when cultured in a very low FBS media (Phillips, McBride and Pajonk, 2006; Jin
et al., 2016; Vazquez-Santillan et al., 2016; Li et al., 2017c¢).

It was hypothesised that IR could induce BCSCs migration and invasion. The
data in the current study confirm this hypothesis; the study showed that MDA-
MB-231 cells displayed cancer stem cells property. Secondly, to investigate
factors that could involve in BCSCs invasion and metastases following IR, or
following exosomes transfer. The current study investigates glycosylation, EMT
markers and invasion of MDA-MB-231 basal BCSCs to the Matrigel. The study
also investigates the candidate genes, proteins and miRNA that could involve in

the invasiveness of breast cancer stem cells following IR or exosome transfer.

In order to address whether the physiological activity of cancer cells has an
impact on HPA negativity/positivity, HPA was measured in the MDA-MB-231 cells
seeded onto the insert membrane of a Matrigel co-culture system after 4, 8, 16
and 24 hours. Data showed that cells in the upper surface demonstrated a higher
level of HPA positivity compared to the HPA negative cells (No change in the
percentage of HPA negativity/positivity throughout the biological time points) as
shown in Figure 5.2. Data suggested that MDA-MB-231 can show a high
percentage of HPA when the cells seeded on the Matrigel and low level of HPA
binding when cells moved and pass-through the matrigel. The decrease in the
HPA positive cell could be as a result of the physiological activity of cells such as
a change from epithelial to mesenchymal type. It has been reported that the
presence of T/Tn antigen in cell surface proteins was reduced in the cells that
underwent EMT (Li et al., 2013). In this study, they treated Huh7 hepatocellular
cancer cells with hepatocellular growth factor (HGF), and they have shown a
change in the shape of Huh7 cells from epithelial to mesenchymal and reduced in

the affinity of glycoproteins to the lectin.

Cells that passed through the membrane showed a high percentage of HPA

negativity; however, the HPA positive cells increased ~ 20% to ~ 40% after 8
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hours, reaching the settled status of HPA positivity (~ 55%) after 16 hours. This
percentage of HPA positivity was maintained by MDA-MB-231 cells that passed
through the membrane after 24 hours as shown in Figure 5.2. Data suggested
that MDA-MB-231 cells may need to be negative HPA to pass through the
membrane. Then HPA positivity will increase in these cells to reach the settled

level attached to the lower surface of the membrane.

This experiment may be considered as the first attempt of investigating the
impact the physiological status of the cell on the HPA negativity/positivity in the

invasive cells.

In order to investigate the responses of MDA-MB-231 to IR, cells were irradiated
with 2 Gy X-irradiation. A half an hour later, a significant decrease in the viability
of irradiated cells was observed following IR compared to unirradiated control
cells as shown in Figure 5.3. However, the MDA-MB-231 cells showed a non-
significant decrease in the level of ROS following irradiation (Figure 5.4).
Surprisingly, the level of ROS in MDA-MB-231 cells was very low in irradiated
and unirradiated cells. The reduction in the percentage of ROS® cells was
associated with an increase in the level of TWIST and SNAIL gene expression,
Figure 5.9. TWISTs have also been reported to increase ROS scavengers and
reduce the level of ROS in human diploid fibroblast cells (HDF) (Floc'h et al.,
2013). Therefore, it can be suggested that increase the level of TWIST
expression following IR can activate ROS scavengers such as glutathione (Rosi
et al., 2007), consequently reducing cell death and increasing radio-resistance
and metastasis. Data suggest that there was a correlation between the ROS and
the expression of TWIST and SNAIL and MMP genes expression. Increased
expression of TWIST, MMP and SNAIL, may contribute to reducing ROS by
controlling ROS scavengers such as 24-dehydrocholesterol reductase (Dhcr24)
(Konge et al., 2018) via inhibiting the activity of caspase three during apoptosis
(Lu et al., 2008). SLUG and ZEB genes expression also have shown a correlation
between these genes expression and ROS reduction, and this association need

further study in the future.

It is well established that IR increases the stress of irradiated cells and

consequently mediated ROS, DNA damaged apoptosis and cells death (Azzam,
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Jay-Gerin and Pain, 2012). However, the experimental data in the current study
showed that MDA-MB-231 cells displayed a low level of ROS and this is
consistent with previous studies. Phillips, McBride and Pajonk (2006) and Diehn
et al. (2009) demonstrated that BCSCs exhibit a radioresistant character and low
level of ROS. Konge et al. (2018) observed a decrease in the level of ROS in
CD44+/ CD24- HMLE cells treated TGF-f compared to the CD44-/CD24+

untreated cells.

MDA-MB-231 cells showed a significant increase in the number of invasive cells
following IR or following exosomes transfer, and that was associated with an
increase in the vimentin positive cells and a decrease in E-cadherin positive cells,
in Figures 5.5 and 5.13, respectively. Flow cytometry results confirm that IR and
exosome transfer promotes the expression of mesenchymal markers and
decreased expression of epithelial markers in the irradiated and exosome
recipients cells (Figure 5.7 and 5.14). Data suggest that IR and exosomes that
were isolated from irradiated cells can induce invasion of MDA-MB-231 cells, and
this is associated with induction of the mesenchymal marker (vimentin) and a

decrease in the epithelial marker E-cadherin.

Data also showed that an increase in the invasion of MDA-MB-231 cells was
associated with an increase in the level TGF-B following IR or exosome transfer
as shown in Figures 5.10 and 5.17. These data supported the previous findings
with MCF-7 cells. However, the factors contributing to an increase in the level of
TGF-B in irradiated MDA-MB-231 cells could be different in term of ROS level or

genes activity than irradiated MCF-7 cells as discussed in the previous chapter.

A possible mechanism that could explain the role of IR and exosomes derived
from irradiated cells in the invasiveness of MDA-MB-231 cells is illustrated in
Figure 5.24. IR is directly targeting the cells and inducing DNA damage or
stimulates cells to produce substances which can traffic to the extracellular
vesicles/exosome which induce a bystander effect on unirradiated cells (Ref). At
the initial time, 30 minutes following irradiation. IR induces ROS and activates
DNA damage, apoptosis, and the cell death pathway. However, IR can also
induce the TWIST transcription factor (Figure 5.9) which is strongly associated

with a change in the ratio of vimentin / E-cadherin (Figure 5.6) and
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overexpressed in CD44/CD24" cells (Figure 5.1). Vesuna et al. (2009) reported
that MDA-MB-231 cells and MCF-7 modified cells (transfer twist gene to MCF-7
cells) express a high level of the TWIST transcription factor, associated with an
increase in the population of CD44*/CD24~ Cells in MCF-7/rwisT cells.

Moreover, IR can also induce matrix metallopeptidase 9 (MMP9) expressions,
Figure 5.9. The latter can activate the latent TGF- in the extracellular matrix
(Kobayashi et al., 2014). Activation of TGF-B1 turns on activation of TGF- B
receptor 1 (TGFBR1) and then TGFBR2 and the SLUG-EMT pathway (Annes,
Munger and Rifkin, 2003) resulting in an induction of invasiveness of MDA-MB-
231 cells.

Data from western blot, invasion assay and gPCR suggest that Initial
experiments conducted here indicate that TGF-B could play a role in invasion.” of
MDA-MB-231 cells. In addition, the gPCR data showed a significant change in
the expression of MMP gene and that could play a role in the invasion of cancer

cells which need to confirm by a farther study in the future.
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Figure 5. 24 The schematic diagram showed the possible mechanisms of IR
induced invasion of MDA-MB-231 cells.

IR induces ROS in irradiated cells. IR can also increase TWIST gene expression, which promotes
cells to produce ROS scavengers, leading to neutralised ROS production. The low level of ROS
decreases DNA damaged and consequently apoptosis and cell death. IR also induces MMP gene
expression, and the later can induce TGF-B, which can activate several pathways involved with
transcription factors and miRNA leading to EMT and increase invasion.

These results are supported by other studies. Phillips et al. (2006) stated that
MDA-MB-231 breast cancer cells are resistant to convention therapy such as IR.
Moreover, Konge et al. (2018) demonstrated that the TGF- induces changes in
the morphology of HMLE epithelial cells to mesenchymal form with radioresistant

and stem cell characteristics.

Moreover, proteins and RNAs from the irradiated cells can traffic to the outside of
cells as extracellular vesicles/exosomes and effect unirradiated cells (Munich et
al., 2012). Data showed that exosomes derived from 2 Gy irradiated MDA-MB-
231 cells showed a significant decrease in miRNA 30a expression as shown in
Figure 5.19, and also a significant increase in the level of TGF-f, (Figure 5.20).
Therefore, inhibition of miRNA 30a may lead to an increase in TGF- protein;
consequently, increase the invasive capacity of cancer cells. Yang et al. (2018b)
reported that miRNA 30a could downregulation of TGF-B in laryngopharyngeal
carcinoma. Much evidence also showed that miR-30a is responsible for inhibition
the vimentin (Cheng et al.,, 2012), and SNAIL (Wang et al., 2014b; Chan and
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Wang, 2015) gene activity and prevents cell metastasis. miR-30a can target the
messenger RNA of vimentin and SNAIL preventing them from being translated
into an active form of the proteins. In other words, X-irradiation reduces the
abundance of miR-30a in irradiated cells and increased expression of SNAIL and
vimentin, causing an increase in the invasiveness of irradiated MDA-MB-231cells.
miR-9a was significantly increased in the exosomes isolated from irradiated cells
compared to unirradiated exosomes derived cells as illustrated in Figure 5.19.
miR-9a was observed to be associated with an increase in the level of TGF-3 and
invasion of MDA-MB-231 cells. It has been reported that miR-9a directly targets
the 3' untranslated region (UTR) of mRNA of E-cadherin preventing it from being
translated into effective protein (Ma et al., 2010), which allows cancer cells to

dissociate from the original mass and metastasise to different organs.

The mechanisms of cancer cell invasion including EMT and glycosylation are
complicated. Changes in the glycosylation of cell surface proteins could play a
role in cancer invasion and metastasis. Data showed an increase in the
percentage of HPA positive cells, and that was associated with an increase in the
number of invasive cells following direct IR or following exosome transfer as

illustrated in Figures 5.5 and 5.13.

Moreover, data showed an increase in the expression of GalNAc-T6, which is a
gene responsible for the production of polypeptide N-
acetylgalactosaminyltransferase-6, essential for adding the first monosaccharide
GalNAc to the Ser or Thr in the Golgi apparatus to initiate the O-liked
glycosylation (Bennett et al., 1999b). Increased expression of GalNAc-T6 is
associated with an increase in HPA positivity that might result from an increase in
the unconjugated Tn antigen in the cell surface protein. Consequently, it might
increase ST6GalNAc-1 expression in the irradiated cells or exosomes recipient
cells. ST6GalNAc-1, as described in Section 1.5.9, which is an enzyme
responsible for adding sialic acid to the Tn antigen and produce sTn antigen
(Haugstad et al., 2016) which is essential for aberration in the elongation of O-
glycosylation. Changes in glycosylation of EMT proteins by the aid of
glycosyltransferases, such as ST6GalNAC-1 may have an impact on cancer

adhesion and invasion. Increase in sTn antigen assists in adhesion of cells. For
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example; change in sialylation of E-cadherin influences adhesion and invasion of

pancreatic cancer cells (Bassaganas et al., 2014).

As discussed above, proteins and RNAs can be transported from irradiated cells
and influence unirradiated cells with the aid of exosomes. This mechanism could
play an important role in the invasion of breast cancer cells. To confirm the role of
exosomes in bystander effect IR on the invasion of cancer cells, exosome-RNA,
exosome-proteins or both (exosome-RNA and exosome-proteins) were inhibited.
The decline in the invasion of MDA-MB-231 breast cancer cells and the level of
vimentin and E-cadherin were returned to the normal levels in the unirradiated
cells following treated the cells with exosomes-cargo-inhibited, as shown in
Figures 5.21, 5.22 and 5.23. Data suggest that exosome-cargo has a role in the
invasion of breast cancer cells by transporting protein and RNA to unirradiated

cells as a bystander effect of IR.

The other factor could play a role in cancer invasion following exosomes transfer
is the exosomal miRNA,. Data in Figure 5.19 showed a significant reduction in
miR-30a expression in the ICCM exosomes compared to CCCM exosomes. Data
also showed a significant increase in miR-9a in exosomes isolated from ICCM
compared to exosomes isolated from CCCM. The reduction in the expression of
miR-30a and an increase in the expression of miR-9a could have a role in cancer
invasion and metastasis. It has been reported that miR-30a can inhibit vimentin
expression by binding to the UTR of the vimentin gene, resulting in inhibition of
vimentin transcription and translation. Consequently, reduce in the EMT and

cancer cells migration and invasion (Yan, Ma and Gao, 2017).

It could be suggested that the reduction in the expression of miR-30a following
ICCM exosome transfer led to the activation of vimentin gene expression and an
increase in vimentin protein. Accordingly, an increase in the invasion of MDA-MB-
231 breast cancer cells (Wei et al., 2008).

On the other hand, an increase in miR-9a in ICCM exosomes can lead to
downregulation of E-cadherin by activation of EGFR and consequently activate
TWIST and TGF- gene expression (Gwak et al., 2014; D'lppolito et al., 2016).

An increase in TWIST and TGF-3 expression were reported associated with an

178



increase in the EMT and cancer invasion and metastasis (Yang et al., 2016;
Shao et al., 2018)

In conclusion, the unique results of the current study showed that physiological
activity of MDA-MB-231 breast cancer stem cell plays a crucial role in the change
of glycosylation of cancer cells which could have an impact on the invasive
capacity of these cells. Moreover, exposed MDA-MB-231 cells to IR can activate
transcription factors, which influence the regulation of protein and miRNAs
relevant to EMT and glycosylation positivity, and as a result, promote migration
and invasion of MDA-MB-231 breast cancer cells. IR can cause irradiated cells to

produce a high quantity of exosomes and increase the invasion of BCSCs.
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Chapter 6: Discussion

Breast cancer is one of the most common cancers worldwide, and in spite of
advances in early diagnosis and treatment, mortality from this disease is still high.
Most of the associated deaths are as a result of secondary cancer, i.e. cancer
cells that have dissociated from the original/primary cancer mass and, as a result
of metastasis, formed new distant foci (Krakhmal et al., 2015; Cancer Research,
2018).

Treatment by radiation is still one of the most common conventional therapies for
cancer. It has been reported that up to 40% of cancer cures can be attributed to
radiotherapy (Baskar et al., 2012). X-radiation is a type of low energy
radiotherapy, which can directly target DNA molecules of cancer cells and induce
an irreversible change in the DNA of the irradiated cells, leading to apoptosis and
cell death (Guerci, Dulout and Seoane, 2004).

However, exposure to ionising radiation (IR), can lead to excitation of ions in the
irradiated medium and subsequent release of reactive oxygen species (ROS)
around the irradiation track, which target nearby cell organelles such as
mitochondria (Azzam et al., 2002), which can induce non-targeted effects of IR.
For example, X-radiation can ionise H,O molecules in the irradiated cells and
release ROS which targets the DNA and the membranes of irradiated cells.
Consequently, irradiated cells can communicate with other cells through the
release of several communication molecules including cytokine-mediated ROS
(Yang et al., 2007; Yoshino and Kashiwakura, 2017), Ca++ (Lyng et al., 2006)
and extracellular vesicles (EVs) / exosomes (Jelonek et al., 2015). EVs can target
unirradiated cells and produce oncogenic factors such as RNA and protein which
can induce bystander effect in cells that never been exposed to irradiation (Al-
Mayah et al., 2015). However, not all cells exposed to a single dose of irradiation
exhibit the same responses to irradiation. Several factors play a critical role in
how the cell reacts to irradiation, such as the dose and dose rate of radiation, the
type of radiation and the type and the physiological activity of cancer cells

including migration and invasion of cancer cells (Cancer Research, 2018).
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Studies have shown that IR can promote the migration and invasion of cancer
cells (Young and Bennewith, 2017). However, the mechanisms behind this are

not fully understood. Therefore, this study aimed to:

1- Investigate whether a therapeutic dose of X-irradiation can promote invasion of
breast cancer cells and study the potential role of the exosomes in this process.

2- Achieve a better understanding of the mechanisms involved in breast cancer
cells invasion following irradiation regarding the change in Epithelial-

Mesenchymal Transition (EMT) and glycosylation markers.

6.1: The initial response of a breast cancer cell to IR
In the current study it has been shown that 1) X-irradiation increases the

induction of DNA damage, apoptosis and ROS (chapter 3) and an increase in
DNA damage and apoptosis leads to a decrease in cell viability (Figure 3.10).
However, results show that a decrease in the viability of breast cancer cells was
associated with an increase in the production of ROS in MCF-7 cells. These
findings support previous studies by Leach et al. (2001) who demonstrated that
oxidising events generated in cells exposed to IR induce ROS production and
thereby increase the stress on irradiated cells. The stressed cells subsequently
release substances to their neighbouring unirradiated cells, i.e. inducing a non-

targeted effect of IR in the neighbour unirradiated cells.

Moreover, in the current study, an increase in ROS in irradiated cells was
associated with an increase in the level of TGF-B protein which, in turn, was
associated with an increase in vimentin (a mesenchymal marker) and a decrease
in E-cadherin (an epithelial marker) leading to EMT and enhanced invasion of
breast cancer cells. Studies have shown that ROS can regulate the biogenesis
and expression of miRNA. For example, several enzymes can control the
biogenesis of miRNA, including the ribonuclease Dicer which plays a central role
in the maturation of mMIRNA (Suarez et al, 2007; Ha and Kim, 2014).
Downregulation of Dicer has been associated with ageing-related oxidative stress
in cerebromicrovascular endothelial cells (Ungvari et al., 2013). In contrast, Dicer
can affect ROS production because of negative feedback, thereby controlling
cellular homeostasis (Liu et al., 2015). Knockout of Dicer is notably associated

with a decrease in ROS production in human microvascular endothelial cells
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(Shilo et al., 2008). Data suggest that IR can induce ROS in irradiated cells which
can control miRNA production and the latter regulates ROS production through
negative feedback (Cheng et al., 2012).

Conversely, in the current study, MDA-MB-231 cells showed a non-significant
change in the level of ROS following IR that may be due to an increase in
production of ROS scavengers (Konge et al., 2018), as discussed that in Section
5.3.

6.2: Direct effect of IR in the invasion of breast cancer cells
Here, X-irradiation studies showed a strong correlation between vimentin and E-

cadherin gene expression and invasiveness in both luminal (MCF-7) and basal
(MDA-MB-231) breast cancer cells. An increase in vimentin expression and a
decrease in E-cadherin expression was observed, suggesting that this inverse
relationship promoted EMT and invasiveness of breast cancer cells, as shown in
Figures 3.15 and 5.7. Interestingly, the MDA-MB-231 basal breast cancer cells
showed a highly significant increase in the proportion of invasive cells compared
to MCF-7 cells following X-irradiation, and that was also associated with an

increase in vimentin and decrease in E-cadherin immunopositivity.

Data described in Section 3.2.2. ii showed that X-irradiation can promote ROS
production in MCF-7 cells and that was associated with an increase in TGF-3
expression in irradiated cells which could promote EMT and accordingly an
increased invasion of breast cancer cells. Conversely, in spite of the reduction in
the level of ROS in the MDA-MB-231 cells following IR, TGF- expression was
higher, and that may be a result of an increase in the expression of TWIST and

MMP transcriptions factors, as discussed in Section 5.3.

Increase in the level of TGF-f in both cell lines could indicate that this
mechanism may play a crucial role in breast cancer invasion and metastasis
(Wendt et al., 2013). TGF-B could activate several pathways related to the
invasion of cancer cells including canonical (genes alteration) Slug pathway (Xue
et al., 2014; He et al., 2018) and non-canonical (cytokines and growth factors)
Slug pathway, such as phosphorylation of vimentin and activation of AKT7
(Hamidi et al., 2017).
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The current study also showed that an increase in the number of HPA positive
cells following X-irradiation or exosomes transfer was associated with an
increase in the number of invasive cells in both breast cancer cell lines, as shown
in Figures 3.14 and 5.5. Interestingly, both the MCF-7 and MDA-MB-231 cells
showed an increase in the percentage of HPA positive cells following 2 Gy X-
irradiation. However, the MCF-7 breast cancer cells showed a higher percentage
of HPA positivity compared to MDA-MB-231 breast cancer cells (Figures 3.14

and 5.5); this will be discussed in more detail in Section 6.5.

Data also showed that vimentin and E-cadherin seemed to be the main players in
the invasiveness of breast cancer cells. The ratio of vimentin to E-cadherin could
play a critical role in the invasive capacity of cancer cells. Data in Figure 3.15 and
5.7showed that the ratio of vimentin to E-cadherin (Vim/E-cad) in both cell lines
was increased following 2 Gy X-irradiation. However, the ratio of Vim/E-cad in
MDA-MB-231 cells was higher than that observed in the MCF-7 cells; 50% and
46% respectively. Current data suggest that an increase in the ratio of vimentin to
E-cadherin can be associated with an increase in the invasiveness of breast
cancer cells, i.e. MDA-MB-231 basal breast cancer cells have a greater invasive

capacity compared to MCF-7 luminal breast cancer cells.

6.3: Non-targeted effect of IR / exosomes on the invasion of breast
cancer cells
The results as described in Sections 4.2.2 and 5.2.12 showed an increase in the

exosome concentration in ICCM following X-irradiation. Much published evidence
showed that cells under stress release more exosomes than non-stressed cells
(Atienzar-Aroca et al., 2016). Al-Mayah et al. (2015) demonstrated that the
concentration of exosomes that were isolated from MCF-7 ICCM was higher
compared to CCCM exosomes. In parallel, the current data also showed an
increase in the number of invasive cells following exosome transfer (Figure 4,5
and 5.13). These results suggest that exosomes from irradiated and unirradiated

cells have a significant role in the invasion of breast cancer cells.

Data in this study also showed that an increase in TGF-B expression was
associated with a decrease or increase in miRNA expression in the exosome as
described in Sections 4.2.10, 4.2.11 and 5.2.19, 5.2.20. TGF-B and miRNA can
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traffic to the exosomes and be transported to the neighbouring cells or other cells
in distant sites and induce EMT and promote invasiveness of cancer cells
(Hazawa et al., 2014). Data in Sections 5.2.19 and 5.2.20 showed the presence
of candidate miRNAs (Let-7a, miR-30a, miR-200b and miR-9a) and TGF-j,
respectively, in the exosomes of irradiated and unirradiated breast cancer cells.
In addition, the level of TGF-$ in exosomes isolated from irradiated cells was
higher than the level of TGF-f in exosomes isolated from unirradiated cells in
both MCF-7 and MDA-MB-231 cells. Much evidence supports this finding. For
example, Jella et al. (2014) reported that the concentration of exosome increased
following exposure of human keratinocyte HaCaT cells to different doses of y
rays. They also showed an increase in the concentration of exosomes in a dose-
dependent manner. Al-Mayah et al. (2015) stated that X-irradiation induces MCF-
7 cells to produce a higher number of exosomes compared to unirradiated cells.
They also proved that the cargo of exosomes (RNA and protein) mediated a
bystander effect on unirradiated cells. Here, exosomes release their cargo
(protein and RNA) to the recipient cells as described previously in Section 1.7.1.
Hence, the recipient cells are activated and change from an epithelial to a
mesenchymal form, and as a result, the invasive capacity of breast cancer cells is
increased. It has been reported that exosomes can carry TGF-3 proteins which
can promote EMT (Li et al., 2017e). This study showed the association between
an increase in the level of TGF-B derived from exosomes isolated from X-ray

irradiated cells and the invasion of breast cancer cells.

6.4 Possible mechanisms involved in the invasion of breast cancer
cells following IR or exosomes transfer.
The possible molecular mechanistic pathways that could explain the behaviour of

cancer cells following IR or following exosome transfer is illustrated in Figure 6.1.
lonising radiation can target DNA and induce apoptosis and cell death. However,
IR can increase ROS formation, leading to TGF-3 upregulation. TGF-§3 can target
the SLUG and SNAIL pathway and increase the invasion of cancer cells.
Activation of SLUG, SNAIL and ZEB genes leads to inhibition/repression of E-

cadherin, consequently inducing an EMT.
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Figure 6.1 A schematic diagram showing the possible mechanisms of
migration/invasion of MCF-7 and MDA-MB-231 breast cancer cells following X-
irradiation.

Moreover, TGF- could target other pathways that involve vimentin, E-cadherin
and miRNA. This study showed that TGF-B is associated with increased vimentin
and miR-9f expression and reduction in miR-30a and E-cadherin in MDA-MB-231
breast cancer cells. Meanwhile, the current study showed that the expression of
TGF-B was associated with increased expression of miR-9f and vimentin and

reduction in the expression of miR-200b and E-cadherin in MCF-7 cells.

These outcomes support the results of other studies. Cheng et al. (2012),
reported that miR-30a could downregulate vimentin, inhibit EMT and reduce
migration and invasion of both Hs578T and MDA-MB-231 breast cancer cells.
Recent evidence has supported the finding, Yang et al. (2018b) demonstrated
that miR-30a could downregulate TGF-B and inhibit metastasis of laryngeal
carcinoma. Therefore, it can be suggested that X-irradiation may be able to inhibit
expression of miR-30a in MDA-MB-231 cells, thereby causing an increase in
TGF-B which ultimately results in activation of the SLUG/SNAIL pathway and
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increase invasion of MDA-MB-231 breast cancer cells. Alternatively, miR-30a
may target vimentin directly and prevent translation of vimentin mRNA to protein,
resulting in repression of the invasion of breast cancer cells. It can be suggested
that X-irradiation can downregulate miR-30a leading to an increase in the

invasion of MDA-MB-231 breast cancer cells.

It has been reported that a functional role of miRNA is maintaining the balance of
protein level in cells, either by blocking translation of mMRNA or degrading protein
(Cheng et al., 2012). The downregulation of miR-30a following IR can be
understood in the following way; miR-30a could target the vimentin gene in the 3’
untranslated region of vimentin and prevent transcriptions of vimentin, resulting in
a downregulation of vimentin protein (Cheng et al., 2012). Another possible
mechanism could involve miR-30a in the invasion of breast cancer cells by
regulation of TGFB expression. The current data in Section 4.2.10 and 4.2.17
showed an increase in the level of miR-30a and decreased in the level of TGF-f3
protein in MCF-7 following exosome transfer comparison to the TGF-B gene

expression.

Meanwhile, a decrease in the level of miR-30a in MDA-MB-231 cells was
associated with upregulation of the TGF-B gene and protein expression.
Therefore, it could be suggested that exosomes derived from ICCM regulate
expression of miR-30a and that could influence downregulation/upregulation of
TGFB and promote invasion of cancer cells. This suggestion supported by
evidence by Zhou et al. (2013); they demonstrated that upregulation of miR-30a
was associated with downregulation of TGF- and inhibition of EMT of HMRSV 5,

a human peritoneal mesothelial cell line.

In MCF-7 cells, X-irradiation induces ROS and subsequently increases
expression of TGF-B, leading to inhibition of the miR-200 family as a result of
decreased expression of E-cadherin, i.e. negative feedback from miR-200
downregulation of E-cadherin box genes (Kim et al., 2014; Kurata et al., 2018).
Inhibition of miR-200 ultimately leads to increased invasion of breast cancer cells.
Moreover, miR-9f has been reported to inhibit the expression of E-cadherin (Ma

et al., 2010). Therefore, X-irradiation induces expression of miR-9f, thereby
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inhibiting E-cadherin, resulting in an increase in the invasive capacity of cancer

cells.

From the current data, it can be suggested that X-irradiation either induces or
inhibits expression of miRNA which activates several factors, including TGF-3
and vimentin and leads to the promotion of invasiveness of breast cancer cells.
However, the mechanisms controlling the induction or inhibition of miRNA are still

obscure and require further study.

The results of qPCR, Figures (4.10 and 5.19) and the western blot assay, Figures
4.11 and 5.20, confirm the presence of miRNA and TGF-8 in the exosomes that
were isolated from irradiated and unirradiated cells. The expression of TGF-
gene was significantly higher following IR in both cell lines. However, the relative
amount of TGF-B protein in MDA-MB-231 cells was higher than MCF-7, as
presented in Figures 5.10 and 3.20, respectively. A possible mechanism that
could explain the relationship between TGF-B, miRNA and invasion could be
proposed as the following. It has been reported that miR-30a targets TGF-j,
either through degradation of the protein or inhibition of translation of mRNA to
protein (Yang et al., 2018a). Therefore, an increase in miR-30a in MCF-7 cells
following IR can reduce the significant induction of TGF- protein comparison to
the significant induction of TGF-B gene expression, as shown in Figure 4.9, 4.10
and 4.11. Meanwhile, downregulation of miR-30a in MDA-MB-231 cells keeps the
level of TGF-B constant in terms of expression or protein as presented in Figures
5.17, 5.19 and 5.20.

Changes in the level of TGF-f3 in the exosomes derived from ICCM and that was
associated with an increased in the invasive capacity of breast cancer cells,
which confirm the role of the non-targeted effect of X-radiation / exosome

bystander effects in breast cancer cells invasion and metastasis.

6.5: The role of GalNAc glycans in the invasion of breast cancer cells
following IR
Data in Figures 3.18 and 5.8 showed that IR promotes expression of GalNAc-T6

gene. This gene codes for the GalNAc-T6 enzyme, which is responsible for
adding a GalNAc monosaccharide to the Serine (Ser) or Threonine (Thr) amino

acid of a protein residue at the initiation of O-linked glycosylation. The current
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data showed an increase in the expression of GalNAc-T6 was associated with an
increase in HPA positivity in MCF-7 and MDA-MB-231 breast cancer cells
following X-irradiation. Increase in the HPA positivity was also associated with an
increase in the number of invasive cells in both cell lines following irradiation or
exosome transfer, as shown in Figures 3.14 and 5.5. Therefore, It could be
suggested that GalNAc-glycans, recognised by HPA, may have a role in the

invasion of cells through the Matrigel.

It has previously been reported that HPA-positive MCF-7 and ZR-75-1 breast
cancer cells were more adhesive to endothelial monolayers (Bapu et al., 2016).
Meanwhile, Brooks and Hall (2002) showed there was no significant change in
the adhesion of breast cancer cells to a Matrigel layer in a co-culture system
following masking of the HPA-binding ligand using HPA lectin. However, the
current data suggested there is a link between HPA positivity and the invasion
and adhesion of breast cancer cells. The contradictory data can be explained in
different ways. Firstly, although Brooks and Hall (2002) showed a non-significant
change in the number of adhesive and invasive cells following masking the HPA-
binding ligand, their data showed a decrease in the number of invasive cells in
three breast cancer cell lines MDA-MB-434, MDA-MB-468 and ZR-75-1 when the
HPA-binding glycans were masked. Secondly, the concentration of HPA (1 ug/ml)
used by Brooks and Hall (2002) might be not sufficient to mask the HPA-binding
glycan. Thirdly, the current study investigated the invasion capacity of MCF-7 and
MDA-MB-231 breast cancer cells following IR, and that could induce specific
factors, which can lead to increase in the invasion of these cells following
irradiation. In this instance, IR promotes invasiveness capacity of irradiated cells,
and that was associated with an increase in HPA positive cells. An increase in
the HPA positivity could result from an increase in the GalNAc-T6, as shown in
Figures 3.18 and 5.8.

Moreover, IR could increase expression of ST6GalNAc-1, which is responsible
for adding sialic acid to the glycan and may cause an increase in the adhesion
and invasion of cancer cells to the Matrigel. It has been reported that IR can
promote expression of ST6GalNAc-1, and also an increase the number of

adhesion and invasion of SW 480 colorectal cancer cells to the Matrigel in a co-
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culture system (Lee et al., 2010). They showed that SW 480 colorectal cancer
cells that were exposed to 3.81 y rays demonstrate an increase in sialylation of Bl
integrin and also adhesion of these cells to ECM components such as collagen,

laminin and fibronectin.

The relationship between HPA positivity and the invasiveness of MDA-MB-231
and MCF-7 cell lines are is not completely clear. In other words, are HPA positive
cells more invasive than HPA negative cells or vice versa? Thus, it was
hypothesised that the physiological activity of cells could play a crucial role in the
HPA positivity and negativity. Therefore, further experiments were set up using

the Matrigel transwell co-culture system without irradiation.

As can be seen in Figure 3.9, it was difficult to count the HPA positive and
negative MCF-7 cells in the upper surface of the Matrigel, and that may have
given inaccurate results. Therefore, MDA-MB-231 cells were considered the best
candidate to explore the role of HPA positivity and negativity in the invasiveness
of breast cancer cells. There was a difference of around 80% in the proportion of
HPA positive and negative cells between the upper and lower faces of the insert.
Initially (after 4 hours), the percentage of HPA negative MDA-MB-231 cells was
shown to have 5 fold than the positive cells in the lower face of the insert
membrane. However, over time, the percentage of HPA negative cells decreased
in preference to a gradual rise in the positively labelled cells, increased from 20%
to approximately 40% after 8 hours incubation and this level was further
maintained at subsequent time-points, as shown in Figure 5.2. As described later,
HPA can detect GalNAc glycan. Therefore, data suggested the possible
involvements of GalNAc glycan in the mechanism of cancer invasion. Cells can
initially express a high level of GalNAc glycan and use it to attach to the top of the
Matrigel membrane (upper layer of the insert) but over time this is then reduced
to enable the cells to move and pass through the insert membrane. HPA positivity

can be switched on and off during the cancer cell invasiveness mechanism.

However, the mechanisms underlying the control of glycosylation are still poorly
understood. Data in Figures 3.18, 4.7, 5.8 and 5.15 confirmed the elevation of
GalNAc-T6 expression post-X-irradiation or exosome transfer in both cell lines.
The current data also showed an association between the HPA positive cells, as
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shown in Figures 3.14, 4.5, 5.5 and 5.13, and GalNAc-T6 expression, as shown
in Figures 3.18 4.7, 5.8 and 5.15. The results suggest that the increase in the
HPA positive cells is due to an increase in the level of GalNAc-T6 following
irradiation or following exosome transfer. It has been reported that initiation of O-
linked glycosylation and biosynthesis of mucin-1 glycosylation is often controlled
by the GalNAc-Ts family of enzymes (Bennett et al., 2012). GalNAc-Ts including,
GalNAc-T6, catalyse the synthesis of Tn antigen. In normal cells, Tn antigen is
always elongated to form a range of normal O-glycans, as described in Section
1.5.3. However, alterations in glycosylation have been reported in cancer tissues
(Oliveira-Ferrer, Legler and Milde-Langosch, 2017). It has been well reported that
Tn antigen is highly expressed in more than 90% of breast cancer tissues, and it
is also associated with high metastatic potential (Bennett et al., 1999a; Freire et
al., 2004; Banford and Timson, 2017). Tn antigen can be detected using HPA
lectin as described in Section 1.5.7. The current study can be considered as the
first study to show the relationship between the increases in the level of GalNAc-
T6 expression, HPA labelling and invasion of MCF-7 and MDA-MB-231 human
breast cancer cells following X-irradiation. It could suggest that the increase of
GalNAc-T6 expression may cause an increase in the level of Tn antigen and
consequently increase in the HPA positivity. Increase in the level of Tn antigen
may disturb adhesion of cancer cells to each other and promote invasion of
breast cancer. It has been reported that re-localisation of GalNAc-Ts from Golgi
apparatus to the endoplasmic reticulum (ER) associated with an increase in the
level of Tn antigen in 7 breast cancer cell lines, including MDA-MB-231 (Gill et
al.,, 2013). They also showed an increase in the ER-ppGalNAc-T2 which is
normally expressed in non-metastatic cancer cells and is associated with greater
adhesion of cells to Matrigel. Meanwhile, GalNAc-T6 is reported to be more

highly expressed in LSI74T metastatic colon cancer cells (Lavrsen et al., 2018).

A characteristic of cancer cells is that they have immature O-glycans, such as Tn
and sTn epitopes. The presence of these types of antigens is usually associated
with poor prognosis of cancers (Brooks and Hall, 2002; Radhakrishnan et al.,
2014b) as described in detail in Section 1.5.3 and 1.5.9. ppGalNAc-Ts have been
reported to have an important role in cell signalling, pro-protein processing and

adhesion (Gessner et al., 1993). The GalNAc-T6 seems to be expressed in most
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types of cancer, including breast cancer (Berois et al., 2006). Moreover, GalNAc-
T6 may also be involved in TGF-B-induced EMT. Data from the current study
showed an increase in the level of TGF- to be associated with an increase in
vimentin and a decrease in E-cadherin expression, also associated with an
increase in the level of HPA positive cells. The work also demonstrated an
increase in GalNAc-T6 expression in 2 Gy irradiated cells and the ICCM
exosome treated cells compared to unirradiated cells or 0 Gy exosome treated
cells, respectively. Results suggest that cells undergoing EMT showed a high
level of vimentin and low level of E-cadherin and that was associated with an
increase in the TGF-B and GalNAc-T6 gene expression. These ideas are
supported by accumulating evidence that TGF- and GalNAc-T6 have a crucial
role in EMT and invasion of cancer cells. Freire-de-Lima et al. (2011)
demonstrated that WPE and PNT1a human epithelial prostate cancer cell lines
exhibit mesenchymal markers and up-regulation of oncofetal fibronectin
expression when they are treated with TGF-. Moreover, they demonstrated that
changes in the morphology of cells were associated with an upregulation of
GalNAc-T6 expression. It has also been reported that GalNAc-T6 is often
involved in the induction of EMT, causing potential metastasis of mammary

epithelial (Park et al., 2011) and pancreatic cancer cells (Tarhan et al., 2016).

Therefore, the high expression of GalNAc-T6 can increase the Tn antigen on cell
surface proteins. Elevation in the Tn antigen can be detected by HPA binding.
However, the mechanisms underlying the induction of GalNAc-T6 post-irradiation

are not fully understood and need further studies.

To confirm the results of EMT markers (E-cadherin and vimentin) and CSCs
markers (CD44 and CD24) a colourimetric base reading of positive and negative
cells undertaken by a flow cytometry assay was used. The results of this assay
confirmed that IR caused a decrease in the level of E-cadherin positivity and
induced vimentin, as they are EMT markers. However, further, improvement may
be to target other markers which could involve in EMT. For example, target other
epithelial markers such as MUC-1 and cytokeratin, and mesenchymal markers
including N-cadherin and B-catenin. In the argument of cancer stem cells markers

it possible to target aldehyde dehydrogenase-1, CD133 (Szarynska et al., 2018).
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However, ALDH-1 and CD133 were found in CSC and normal stem cells (Vander
Griend et al., 2008; Tomita et al., 2016).

6.6 Limitation of the current study
In the current study, a wide range of techniques was used to determine the role

of IR on the invasive capacity of breast cancer cells. In this context, advantages
and disadvantages have arisen. Immunocytochemistry and Biotinylated lectin
techniques seem to be simple. Nevertheless, several factors are critical for the
outcome, including the handling, preparation of the slides and interpretation of
quantitative results. For example, long sample fixation time can lead to losing the
antigenicity. The temperature of the laboratory can additionally alter the results of
immunocytochemistry or Biotinylated lectin assays, as both are enzymatically
based methods. Thus, the laboratory move, which was undertaken between the
first and second experiments could affect some of parameters, (cool to a warmer
laboratory). Moreover, nonspecific binding of avidin to the endogenous biotin
visualised as a pale brown background, a problem in earlier experiments,
represents the main limitation of biotinylated lectin. This problem was resolved by
using endogenous peroxide blocking kit (Vector, SP-6000), and also running
negative control (cells were not labelled with primary antibody), and positive
control (cells showed positive results to HPA and primary antibody). Furthermore,
it could be better to determine the activity of cancer cells following inhibition of
GalNAc enzymes before X-irradiation. The method could also be further
improved by using the protein-based fluorescent sensor assay prior to cell
irradiation (Song, Bachert and Linstedt, 2016). The latter assay can determine
the activity of GalNAc transferase in living cancer cells following inhibition of

GalNAc enzymes.

Another critical issue of immunocytochemistry may come from the interpretation
of the qualitative data. The positivity of EMT markers was based on the presence
or absence of the brown colour substance reaction product within the cells.
However, the decision often based on the location of brown colour within the
cells; whether it is in the cytoplasm, nucleus or both?, which can be considered
as a problematic issue in terms of immunocytochemistry (EMT) analysis, as has
been reported by Radotra, ‘accordingly, the scientist argued about the clear
definition of positive and negative results’ of EMT markers (Radotra et al., 1994).
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In contrast, recently, a considerable number of studies have confirmed that using
the microscope and visual judgement can be considered a reliable method of the
analysis of positivity and negativity of cells (Alonso-Alconada et al., 2012,
Jeeravongpanich et al, 2014; Li et al, 2017d).The results of
immunocytochemistry and flow cytometry to detect the negative and positive cells
are more likely to be qualitative rather than quantitative. In addition, flow
cytometry showed the results of all cells rather than providing the identity of the
distribution of molecules within the cell. Therefore, for future work, it may be
interesting to present the data of flow cytometry in parallel with high-resolution

imaging of living cells using a confocal microscope.

Accordingly, to confirm the change in the level of EMT markers, gqPCR assay was
applied to investigate the expression of E-cadherin and vimentin, as well as other
transcription factors such as TGF- and others, Table (2-2). These factors could
play a crucial role in the invasion of cancer cells. However, these factors are not
the only main players involved in EMT change of irradiated cells. For example, an
increase in N-cadherin and (B-catenin expression can induce EMT in neoplastic
laryngeal carcinoma (Zhu et al., 2018). Build up the network of factors involved in
the invasion of cancer cells following IR needs further studies to understand the
behaviour of cancer cells following irradiation. The critical issue about the results
of gPCR may come from the fact that is not all transcript gene results can be
converted to the protein. In fact, some of mMRNA can be blocked by specific
miRNA thereby preventing translation to protein. Moreover, some artefact of
gPCR may be the result of technical error i.e. during transfer samples and
reagents to 96 well plates, which could give a critical variation in the qPCR
reading from one well to another. However, the variation of reading linked to the
pipetting could be minimised by calculating the volume of cDNA/gDNA in the
gPCR master mix to 40% of total reaction volume of master mix including a non-
template control (Taylor et al., 2019). Furthermore, to reduce the other artefact
results, variable controls were run in parallel to the samples. To investigate a
primer dimer, non-template control for each primer was run. To assess there is
no contamination of gDNA in the isolated RNA, no reverse transcription control
was also applied. RNA extraction and cDNA formation and storage could be a

critical issue in qPCR results (Bustin et al., 2015). However, the proper choice of
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RNA extraction kit and direct production of cDNA and high quality of storage
could also minimize the background contamination which could alter the validity
of gPCR results (Kim et al., 2007; Bustin ef al., 2015).

To confirm the results of qPCR, western blot was carried out to investigate the
level of vimentin, E-cadherin and TGF-B proteins, as these proteins represent the
main target in this study. However, the other factors, such as high expression of
MMP-9 was detected by qPCR in this study, which could play a crucial role in the
invasion of cancer cells (Brown, Recht and Strober, 2017), however, it needs to

be confirmed by Western blot.

On the other hand, running a Western blot alone may be not enough to confirm
the change in the level of proteins following irradiation. Thus, it would be
advantageous to run a Coomassie Stain with Western blot in parallel to
investigate whether the protein-loaded was equal amounts in each well (Welinder
and Ekblad, 2011). However, this step has also some limitation by pipetting
error. Therefore, further, an improvement would be to use a more sensitive
technique such as enzyme-linked immune-sorbent assay (ELISA) to measure the
level of proteins following irradiation. Though, using the ELISA technique could
be useful with tiny amounts of protein such as enzymes. However, to determine
the actual band of protein, western blot could be the best assay to follow (Frost et
al., 1998).

Centrifugation has routinely been used as a conventional method for exosomes
isolation. Though, there are several other methods which could be used in its
place. These include chemical isolation (polymer-based participation), HPLC +
centrifugation, differential centrifugation and affinity beads (Zhang et al., 2014). In
this study, a combination of methods was used for exosome isolation and
purification. Filtration + centrifugation + size-based chromatography was used to
obtain purify and sterilise exosomes. Therefore, the yield of exosomes was low,
and that was a critical issue compared to other methods. This method could be
useful for isolating of exosomes from cell culture media, but it could be less
efficient of investigating exosomal proteins from small samples. However,
isolation of exosomes using combination method yields pure, sterilised and

homogenous population of exosomes. Nevertheless, each method of exosome
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isolation has advantages and disadvantages, and each method could be the best
for a certain purpose of using. However, ultracentrifugation and size exclusion
methods, which do not require incorporation of an extra compound to facilitate
the pure exosomes isolation represent the optimum method for exosomes
isolation (Li et al., 2017b; Boriachek et al., 2018).

The exosomal miRNA could have an impact on cancer cells invasion. Therefore,
certain types of miRNAs were chosen to investigate the role of exosomal miRNA
on the cancer cells invasion. However, it would be interesting if the whole
hierarchy of exosomal miRNA would be investigated using miRNA microarray
(Jiang et al., 2013). Conversely, Camarillo and co-authors reported that gPCR
can be considered as a good method for detection expression of specific miRNAs
(Camarillo, Swerdel and Hart, 2011).

Moreover, using 3D dimension matrigel could be a useful technique to investigate
the invasion of cancer cells in vitro. However, the matrigel represents four
components of the basement membrane. The four components are clearly not
the same component and structure barrier between the cancer cells and
bloodstream. Therefore, an improved method would be to investigate the ability
of breast cancer cells to invade other organs in vivo, for example using a mouse
model. Three types of model have been used to investigate the metastasis of
cancer cells in vivo, allograft, xenograft, and genetically engineered mouse model
(GEMM). Allograph is a technique, which can transplant cells or organ from one
animal to another animal in the same species. A xenograft is transplant cells or
organ from organism to other organisms in different species. Meanwhile, GEMM
is @ mouse with altered genome using genetic engineering techniques, including
gene mutation, deletion and editing (Zhou et al., 2014). In this context, Gomez-
Cuadrado et al. (2017) reported that using mouse models facilitates monitoring
the interaction between the stromal cell in the site of the primary tumour, which
could promote cancer cells invasion and metastasis. For example, tumour
associated macrophage (TAM) are the most abundant cells in the site of cancer,
which promote secretion of epidermal growth factor (EGF). The latter can activate
the EGF receptor, and enhance the maotility, invasion and metastasis of cancer

cells in vivo (Zhou et al., 2014).
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Although these models have given understanding to the essential aspect of
cancer biology including the complexity of invasion and metastasis; nevertheless,
it is difficult to mimic metastasis of cancer cells in human, due to the lack of tissue
specificity site and immune system problem (Kersten et al., 2017). In addition,
another limitation of GEMM is the low incidence of metastasis of cancer cells
(Kabeer et al., 2016).

Although this study was shown in parts to have limitations, it did show an
increase in the invasiveness of cancer cells following irradiation, which could
ultimately have future implications for further study of applied therapeutics of

cancer.

6.7: Conclusion
The findings described in this thesis demonstrate that

1- A single therapeutic dose of X-irradiation can induce invasion of breast cancer
cells by regulating EMT related factors, which are frequently associated with

changes in glycosylation seen in GalNAc-T6 expression and HPA positivity.

2- Exosomes derived from irradiated cells that irradiated with a therapeutic dose
of X-irradiation can increase the invasive capacity of unirradiated breast cancer

cells.

3- MDA-MB-231 basal breast cancer cells have a greater invasive capacity than

MCF-7 luminal breast cancer cells.

4- Exosomes derived from irradiated and unirradiated cancer cells can carry and
transfer TGF-B and miRNA, which significantly influenced the invasion of breast

cancer cells.

6.8: Future work
The relationship between IR, exosomes and cancer cell invasion needs more

investigation and analysis. Unfortunately, at present, time and financial issues
prevent this study from extending to involve miRNA microarray and proteomic
techniques. These techniques can scan miRNAs and proteins that could be
affected by irradiation and have an impact on cancer metastasis, as many types

of proteins and miRNAs can be involved in the mechanisms of IR-induced
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invasiveness, including structural, binding, enzyme regulating proteins,

hydrolyses and transferases (Harris et al., 2015).

Furthermore, this study showed that IR increases HPA positivity and also
increases the expression of GalNAc-T6, and that was associated with an
increase in the invasion of cancer cells. However, the mechanisms that lead to
the increased expression of GalNAc-T6 following X-irradiation are not fully

understood and need further studies.

Moreover, there is a significant correlation between TGF-B, TWIST and other
transcription factors that examined in this study such as vimentin, E-cadherin and
ppGalNAc-1 and the invasion of breast cancer cells. Extension of this study to
knock out the genes and proteins which could have an impact on the invasion of
breast cancer cells would be extremely worthwhile. TGF- protein plays a crucial

role in the invasion of cancer cells.

However, due to the limitation of time in this current study, the downstream
pathways that could involve in the invasion of cancer cells have not been
explored. Further studies could explain all the mechanisms involved in the
invasion of cancer cells such as TGF-f — ALIX pathway, TGF-B- MAPK/ERK
pathway and TGF-3- Mitogen-Activated Protein Kinase Pathways.

Furthermore, exosomal TGF- exhibit 2 bands, latent 46 kDa and active 12 kDa,
ionising irradiation was shown to increase the active TGF-B in the exosomes
rather than cells. Further experiments on the role of the active TGF- exosome in

cancer invasion and metastasis are warranted.

It has been well documented that cancer cell environment is hypoxic (Kidd,
Shumaker and Ridge, 2014). Therefore, it would be interesting to explore the
effect of hypoxia on invasive capacity and exosome secretion and measure
associated EMT and glycosylation markers. A pilot study has been undertaken in
this context. Therefore, repeating the study under the optimum hypoxic conditions
in the hypoxic work station is highly recommended.
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