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ELUCIDATION OF microRNA miR-6744-5p REGULATION OF ANOIKIS IN
BREAST CANCER CELL LINES AND POTENTIAL FOR THERAPEUTIC

APPLICATIONS

ABSTRACT

Anoikis is apoptosis induced when cells are detached from the extracellular matrix and
neighbouring cells. Since anoikis serves as a regulatory barrier, cancer cells often acquire
resistance towards anoikis during tumorigenesis to become metastatic. MicroRNAs
(miRNAs) are short strand of RNA molecules regulating genes post-transcriptionally, by
binding to mRNAs and reducing the expression of its target genes. This study aims to
elucidate the role of a novel miRNA, miR-6744-5p, in regulating anoikis in breast cancer
and identify its target gene. Anoikis resistant variant of luminal A type breast cancer
MCEF-7 cell line (MCF-7-AR) was generated by selecting and amplifying surviving cells
after repeated exposure to growth in suspension. miRNA microarray revealed a list of
dysregulated miRNAs, from which miR-6744-5p was chosen for overexpression and
knockdown studies. In MCF-7, overexpression of miR-6744-5p increased anoikis as
shown by viability and caspase-3/7 activity assay, inhibited cell migration as shown by
wound healing assay and increased E-cadherin expression as shown by Western blotting.
Knockdown of miR-6744-5p decreased anoikis, increased cell migration and decreased
E-cadherin expression. In the invasive triple-negative breast cancer cell line MDA-MB-
231, overexpression of miR-6744-5p promoted anoikis and inhibited cell migration but
knockdown of miR-6744-5p produced no effect. Additionally, overexpression of miR-
6744-5p also induced morphological changes of MDA-MB-231 cells and inhibited
invasiveness of the cells in vitro in transwell invasion assay and in vivo in zebrafish larva
metastasis model. Furthermore, N-acetyltransferase 1 (NAT1) has been identified and

validated as the direct target of miR-6744-5p using luciferase reporter assay and western

il



blot. Overall, this study has proven the ability of miR-6744-5p to increase anoikis in both
luminal A and triple negative breast cancer cell lines, highlighting its therapeutic potential

in treating breast cancer.

Keywords: anoikis, miRNA, breast cancer
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PENYELIDIKAN KE ATAS mikroRNA miR-6744-5p YANG MENGAWAL
SELIA ANOIKIS DALAM SEL SEL KANSER PAYUDARA DAN POTENSI

TERAPEUTIKNYA

ABSTRAK

Anoikis adalah proses kematian sel yang disebabkan apabila sel-sel terpisah dari matrik
luar sel dan dari sel-sel berhampiran. Oleh kerana anoikis bertindak sebagai penghalang
pengaturan, sel-sel kanser sering memperoleh ketahanan terhadap anoikis semasa melalui
proses perubahan tumor untuk menjadi metastatik. MikroRNA (miRNA) adalah sejenis
molekul RNA pendek yang mengawal selia gen selepas proses transkripsi, melalui
perikatan dengan mRNA dan mengurangkan ekspresi gen sasarannya. Kajian ini
bertujuan untuk menjelaskan peranan mikroRNA baru, iaitu miR-6744-5p, dalam
mengawal selia anoikis dalam kanser payudara dan mengenalpasti gen sasarannya.
Sejenis varian sel kanser yang boleh menahan anoikis (MCF-7-AR6) telah dihasilkan dari
sel kanser payudara jenis “luminal A”, MCF-7, dengan memilih dan menguatkan sel yang
masih hidup selepas pendedahan berulang kepada pertumbuhan dalam penggantungan.
Perbandingan menggunakan “microarray” miRNA telah mendedahkan senarai miRNA
yang mengalami perubahan, dari mana miR-6744-5p dipilih untuk kajian peningkatan
ekspresi dan perencatan dalam MCF-7. Selain itu, peningkatan ekspresi miR-6744-5p
dalam sel kanser payudara jenis “triple-negative”, MDA-MB-231, juga telah dijalankan
untuk menilai keupayaannya dalam menganggu potensi metastatik sel kanser payudara.
Kajian ini menunjukkan bahawa peningkatan ekspresi dan perencatan miR-6744-5p
dalam MCF-7 masing-masing telah meningkatkan dan menurunkan kepekaan terhadap
anoikis. Keputusan yang sama diperhatikan dalam MDA-MB-231, di mana peningkatan
miR-6744-5p telah menyebabkan perubahan bentuk sel dan mengurangkan pencerobohan

sel-sel kanser. Selain itu, enzim N-acetyltransferase 1 telah dikenalpasti dan disahkan



sebagai sasaran langsung bagi miR-6744-5p. Secara keseluruhannya, kajian ini telah
membuktikan keupayaan miR-6744-5p untuk meningkatkan kepekaan terhadap anoikis
pada kedua-dua “luminal A” dan “triple-negative” sel-sel kanser payudara, menunjukkan

potensi terapeutiknya dalam merawat kanser payudara.

Kata kunci: anoikis, miRNA, kanser payudara
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CHAPTER 1: INTRODUCTION

Breast cancer remains among the top cancer types worldwide, affecting women
predominantly. A recent analysis done in Europe has placed breast cancer as the most
common cancer in Europe, revealing a worrying trend (Ferlay et al., 2018). As such,
despite having a relatively better prognosis, breast cancer is one of the biggest
contributors to overall cancer death at 6.4%. Based on molecular expression, breast cancer
can be grouped into several subtypes, such as luminal, HER2-enriched and basal-like
(Engstrom et al., 2013). Classifying breast cancer into these groups enables treatment

decision, although it does not guarantee efficiency due to breast cancer heterogeneity.

Anoikis is the cell death that occurs when cells are removed from the attachment to
the extracellular matrix (ECM) and other neighbouring cells, mediated by cell adhesion
molecules (CAMs) (Paoli et al., 2013). This detachment severs the survival signals from
CAMs, resulting in apoptotic cell death. As such, anoikis is a barrier that cancer cells
often attempt to break during tumorigenesis before being able to metastasise (Kim et al.,
2012). Monitoring anoikis related biomarkers and targeting anoikis resistance in
developing cancer therapeutics will no doubt prove to be a more effective strategy in
reducing the aggressiveness of cancer and decreasing the probabilities of cancer

recurrence.

MicroRNAs (miRNAs) are short strand of RNA molecules that are involved in the
regulation of myriads of cellular processes (Macfarlane & Murphy, 2010). By binding to
an mRNA 3’ untranslated region (UTR) with a complementary sequence, miRNAs
downregulate the expression of target genes post-transcriptionally. In cancer, the
expression of miRNAs has been shown to be dysregulated, with the increase in expression
of miRNAs that promote tumorigenesis and decrease in the expression of miRNAs that

inhibit tumorigenesis (Iorio & Croce, 2012).



Although studies of dysregulated miRNA in breast cancer are not new, there are

relatively few studies that have analysed the link between anoikis resistance and miRNA

in breast cancer. As such, this project hypothesises that novel miRNAs regulate anoikis

in breast cancer cells by targeting anoikis-related genes.

. Thus, the objectives of this thesis are:

1.

1l

1il.

1v.

V1.

To generate an anoikis resistant variant of MCF-7 breast cancer cell line.
To list differential miRNA expression in anoikis resistant MCF-7 using
miRNA microarray and select miRNA candidates for further studies.

To identify the effects of the selected miRNA in regulating anoikis and
migration in the non-invasive MCF-7.

To investigate the effects of the selected miRNA in regulating anoikis,
migration and invasion in the invasive MDA-MB-231 breast cancer cell
line.

To establish potential target genes and signalling network regulated by the
selected miRNA.

To confirm the miRNA-target gene interaction and validate the

downregulation of the target gene by the selected miRNA.



CHAPTER 2: LITERATURE REVIEW

2.1 Breast cancer
2.1.1 Overview

Although cancer is often seen as a single disease affecting various parts of the body, a
major consensus on cancer is that it collectively refers to a group of genetic diseases
unified by the six major criteria at a cellular level (Hanahan & Weinberg, 2011). These
are the hallmarks of cancer, which are the evasion of cell death, continuous survival
signalling, indomitable growth, invasive and metastatic spread, unlimited replication and
induction of angiogenesis. These characteristics endow cancer with the ability to resist
the internal immune response and many existing therapeutic options, putting cancer as

one of the leading causes of death globally.

Breast cancer is reportedly well known to have highly favourable prognosis among the
different cancer types. Unfortunately, despite predominantly affecting only women, an
analysis from 2012 found breast cancer to be the second most common cancer overall and
is prevalent almost equally in both less- and well-developed parts of the world (Ferlay et
al., 2015). As such, the high frequency of breast cancer has placed it as the fifth most
common cause of cancer death in 2012, representing 6.4% of overall cancer death. A
more recent analysis carried out in Europe has revealed the worsening of this worrying
trend, with breast cancer taking the first place as the most common cancer in 2018 (Ferlay
et al., 2018). Similarly, breast cancer ranks as the top cancer in Malaysia, with 24,012

new cases reported in 2018, representing 18.63% of all cancer cases (Bray et al., 2018).

Even with comprehensive genomic profiling, understanding the dysregulated
molecular network in breast cancer is not an easy feat and remains an ongoing challenge.
However, knowledge accumulated so far has enabled classifying breast cancer into four

major subtypes based on the expression of key biomarkers, such as estrogen receptor



(ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and
cell proliferation marker Ki-67 (Cancer Genome Atlas, 2012). These subtypes are luminal
A, luminal B, HER2-enriched and basal-like; however, additional biomarkers can be
taken into consideration to derive more subtypes (Engstrom et al., 2013; Godone et al.,
2018). Since the objective of classifying breast cancer is to determine effective
treatments, this grouping enables informed clinical decision based on predicted
responsiveness to known therapeutic approach (Coates et al., 2015). As of now, common
breast cancer treatments include cytotoxic chemotherapy, endocrine therapy and HER2-

targeted therapy.

2.1.2  Breast cancer biomarkers

The four broadly identified breast cancer markers are the hormone receptor ER and
PR, HER2 and Ki67. In addition to these, there are other markers that can be used to
expand the existing molecular classification of breast cancer, such as cytokeratin 5/6 and
claudin proteins (Godone et al., 2018). However, although the analysis of these
biomarkers can greatly assist breast cancer treatment, commonly available
immunohistochemistry tools are incapable of correctly distinguishing the molecular
subtype of breast cancer, restricting accurate classification to the availability of the more

expensive and advanced genetic assays (Vieira & Schmitt, 2018).

2.1.2.1 Hormone receptors

As the presence of hormone receptors ER and PR marks majority of the reported breast
cancer cases, the understanding of the role of these receptors in cancer development and
growth is important. ER is a receptor activated by the ligands known as estrogen. Estrogen
is a type of hormone produced naturally in the body in the forms of estrone, estradiol and
estriol. Due to its lipophilic nature, estrogen is able to pass through the plasma membrane

to ligate and activate genomic signalling through ER isoforms, which are expressed as



ERa or ERB (Hua et al., 2018). Upon activation, the ER receptors form either homo- or
heterodimers before proceeding into the nucleus to act as transcriptional activators.
Meanwhile, PR is another hormone receptor used as a biomarker for breast cancer.
Similar to ER, PR is ligated by a hormone, progesterone, resulting in its activation as a
transcriptional factor (Daniel et al., 2011). Together, these hormone receptors have been
implicated to promote tumourigenesis by promoting the expression of various oncogenes
to stimulate proliferation and metastasis when activated (Saha Roy & Vadlamudi, 2012).
Endocrine therapy is a relatively safe cancer treatment that serves to suppress the effects
of these hormone receptors. This works either by the use of agonist such as tamoxifen to
competitively inhibit hormones from binding to the receptors, or aromatase inhibitors

such as anastrozole to lower hormone production (Lumachi et al., 2011).

2.1.2.2 HER2

HER?2 is another important receptor and biomarker in classifying several types of
cancers including breast cancer. It belongs to the ErbB family, a group of structurally
related receptor tyrosine kinases, well known to modulate a wide variety of cellular
processes related to survival and proliferation (Burstein, 2005). As such, HER2 acts as an
oncogene when overexpressed in breast cancer and provides an anti-apoptotic advantage
(Mitri et al., 2012). HER2-targeted therapy using anti-HER2 monoclonal antibody or
HER?2 inhibitor is the recommended treatment for cancers exhibiting overexpression of

HER?2, as determined through immunohistochemistry on tumour sample.

2.1.2.3 Ki67

Although breast cancer cells are rapidly dividing, determining the proliferative nature
to be either high or low plays a significant role in choosing the effective treatment and
reducing the need and risk of cytotoxic chemotherapy. Ki-67 is a biomarker that is used

for this very purpose. As a nuclear protein, Ki-67’s expression is correlated with the



process of cell division, and its presence is used to denote high proliferation of tumour
cells in breast cancer patients (Soliman & Yussif, 2016). A threshold for Ki-67 at 15%
(compared to positive control) is commonly used as a cut-off point to determine rate of
proliferation, where <15% is considered low Ki-67 and >15% is considered high Ki-67.
However, establishing an exact cut-off point as a good prognostic marker remains

controversial (Coates et al., 2015; Acs et al., 2017).

2.1.3 Types of breast cancer

The luminal type breast cancer, named after its hypothesised origin from luminal
progenitor cells, represents the largest percentage of reported breast cancer and
incidentally has the best prognosis compared to the other breast cancer types. Luminal A
is the first of the luminal type breast cancer, which can be characterised by the expression
of ER and PR, and low expression of Ki67 by the cancer cells (Cho, 2016). As a result of
responsiveness to hormones and lower proliferative nature of the cancer cells, patients
with luminal A breast cancer often exhibit relatively higher survival rates when given the

recommended treatment of endocrine therapy (Prat et al., 2015).

Luminal B is the second of the luminal type breast cancer, which is also characterised
by the expression of ER and PR. However, unlike luminal A type, luminal B type
expresses a high level of Ki67 and may or may not overexpress HER2 receptors (Cho,
2016). These differences contribute to the poorer prognosis and long-term survival among
patients with luminal B type breast cancer. As with luminal A type breast cancer, patients
with luminal B type breast cancer can benefit from endocrine therapy due to the
expression of hormone receptors by the cancer cells. Depending on the specific phenotype
of the luminal B cancer cells, additional treatment can also be carried out, such as

cytotoxic chemotherapy and HER2-targeted therapy (Coates et al., 2015).



HER2-enriched is the next breast cancer subtype, which represents breast cancer that
overexpresses HER2 with minimal expression of hormone receptors. Although this
subtype does not respond well to endocrine therapy, the high expression of HER2 has
enabled targeted treatment options through anti-HER2 therapy in addition to cytotoxic

chemotherapy (Coates et al., 2015).

Finally, basal-like subtype, named after its hypothesised origin from basal progenitor
cells, is negative for both ER and PR and has normal HER2 expression (Cho, 2016). Due
to the lack of a specifically targetable element, this subtype has the poorest prognosis

among the breast cancer subtypes with limited treatment options.

2.1.4 Breast cancer heterogeneity

As with other cancer types, intertumour and intratumour heterogeneities introduce
complexities to type-specific chemotherapy for breast cancer (Polyak, 2011). Intertumour
heterogeneity refers to the differences within a specific type of cancer between patients,
whereas intratumour heterogeneity refers to the differences within a single tumour. The
fact that such heterogeneities exist is not surprising considering that cancer cells are
continuously undergoing genetic and epigenetic changes. For example, although the
previous understanding was that luminal type breast cancer originates from luminal
progenitor cells, and basal-like breast cancer originates from basal progenitor cells, the
possibility of luminal progenitor cells transforming into basal-like breast cancer cells has
been demonstrated using an animal model and human tissue samples (Lim et al., 2009;
Molyneux et al., 2010). From a clinical perspective, this issue can be a challenge when
devising appropriate treatment regimen for cancer patients as the current
histopathological and molecular subtyping of breast cancer relies on tumour biopsy,
which do not accurately reflect the entire population of the tumour (Rivenbark et al.,

2013). As such, due to both intra- and intertumour heterogeneity, a recommended



treatment for a breast cancer subtype may not be effective in all patients due to the

presence of undetected subpopulation of tumour cells of a different subtype.

Various solutions have been proposed to increase our understanding of the varying
cellular makeup in a tumour sample. Currently, a number of genomic profiling platforms
are available for breast cancer analysis, such as BreastPRS, Mammaprint and Oncotype
DX, which can provide additional insights on risk of recurrence and benefits of specific
cancer treatment (Fayanju et al., 2018). Furthermore, single-cell sequencing of
representative cells derived from the primary tumour and analysis of cells from secondary
sources other than the primary tumour have also shown some promise in revealing the
diverse characteristics of breast cancer, as well as identifying the existence of various
subtypes within the same patient (Navin et al., 2011; Ellsworth et al., 2017). Cells from
secondary sources, such as the metastases and circulating tumour cells (CTCs), undergo
changes to survive in the circulatory system and metastasise, acquiring marked genetic
differences compared to the primary tumour. For example, discrepancies in HER2 status
have been observed during the analysis of CTCs, where HER2-enriched CTCs were
discovered in HER2-negative breast cancer patients (De Gregorio et al., 2017; Jaeger et
al., 2017). Such detections provide additional information that must be accounted for,
which may enable earlier prediction of poor response to endocrine or HER2-targeted
therapy. However, while comprehensive analysis enables discerning the diverse subtype
composition of the breast cancer, further evidence is still needed to support the usefulness
of this information in cancer treatment and prognostics before its clinical application (Van
Poznak et al., 2015). Overall, disregarding breast cancer heterogeneity may underestimate
the actual tumour burden, resulting in poor prognosis and higher chances of recurrence.
Regardless of the platform used, solving this issue will lead to more personalized and

effective cancer treatments.



2.2 Anoikis

Most cells in the human body are found affixed to a specific location within the context
of their cellular functions. This is enabled by the extracellular matrix (ECM), a tissue-
specific scaffold primarily made of collagen and other components secreted by fibroblasts
(Mouw et al., 2014). The ECM not only provides structural support by assembling cell
populations but also houses the necessary ligands and growth factors to potentiate
survival signals, such as fibronectin, hyaluronic acid and laminins. As such, ECM
prevents inadvertently-detached cells from reattaching at a different niche and initiating
the growth of the wrong type of tissues. Anoikis is the apoptotic cell death that is induced

when cells are detached from their surrounding ECM and neighbouring cells.

The term ‘anoikis’, coined by Steven M. Frisch and Hunter Francis in 1994, combines
the Greek words ‘home’ and ‘without’ to refer to the homelessness of the detached cells.
This was based on their discoveries on apoptosis that was induced in epithelial cells when
the connection to the ECM was disrupted (Frisch & Francis, 1994). This finding became
the foundation to the existing understanding on how anoikis plays an important role in
the survival of cancer cells during metastatic progression. This study also demonstrated
how anoikis can be inhibited through various means, such as the overexpression of anti-
apoptotic Bcl-2, transformation by tumour-promoting agents and exposure to proteins

promoting motility and ECM invasion.

Cells are able to interact with the ECM through receptors expressed on the plasma
membranes, such as the cell adhesion molecules (CAMs). One of the major groups of
CAMs is integrins (Vachon, 2011). The integrins are ligated by the ECM components
such as collagen, fibronectin and laminins, and can be found within structures known as
the focal adhesion, a large multi-protein complex that anchors the cell to the ECM (W,

2007). Also found within this structure are the adaptor proteins and kinases that regulate



various downstream signalling pathway. Thus, by forming a transmembrane bridge
connecting the ligands in the ECM with the CAM and actin cytoskeleton in the cells, the
focal adhesion enables cells to receive survival signals when attached to the ECM. In
addition to the cell-ECM bond, cell-cell interactions also form a crucial part of anoikis
signalling network through receptors such as the cadherin family. A member of this
family, E-cadherin, is another CAM that is expressed by epithelial cells. When ligated,
E-cadherin plays an important role in survival and adhesion, as it regulates various
signalling pathways and mediates the contact between the actin filaments of connecting

cells (Paoli et al., 2013).

Due to the tight interconnection between the ECM and anoikis, disruption in the ECM
landscape has shown to cause erroneous activation of anoikis in several diseases. For
example, in aneurysm, which is the weakening of the artery’s wall, it is shown that the
enzyme plasmin causes fibronectin degradation in the ECM, resulting in the detachment
and death of smooth muscle cells (Michel et al., 2018). On the other hand, inhibition of
anoikis can also prove to be pathogenic, which is evident from cancer cells acquiring
resistance to anoikis during tumourigenesis. As survival in the circulatory system in an
anchorage-independent state is necessary for metastasising cancer cells, anoikis is one of

the early barriers required to be broken before metastasis can occur.

2.2.1 Apoptosis

Since the discovery that anoikis takes place through apoptosis, investigations have
shown the involvement of both caspase-dependent and caspase-independent apoptotic
pathways. The caspase-dependent apoptotic pathway can be either intrinsic or extrinsic

(Kim et al., 2012).

In the intrinsic pathway during anoikis, disturbance to the cytoskeleton and increase

in cellular stress cause the activation of pro-apoptotic BH3-only proteins Bim and Bid,
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which facilitate other pro-apoptotic proteins Bax and Bak to cause mitochondrial
membrane permeabilisation. This is followed by the release of cytochrome ¢ from the

mitochondria, formation of apoptosome and subsequently the activation of caspases.

Meanwhile, the extrinsic pathway involves the activation of tumour necrosis factor
receptor (TNFR) superfamily. Detachment from the ECM has shown to produce
overexpression of these receptors and their ligands, thus causing increased activation of
TNFR and the downstream caspases (Aoudjit & Vuori, 2001). The eventualities of both
the intrinsic and extrinsic pathways are the same, which are the activation of the caspase

cascade and orderly destruction of the cells.

On the other hand, there are also emerging evidence supporting caspase-independent
apoptosis in anoikis. For example, Bitl, a mitochondrial protein, is suggested to promote
anoikis upon loss of attachment to the ECM, although the exact mechanism of cell death

is yet to be elucidated (Jenning et al., 2013).

2.2.2 Regulation of anoikis

The initiation of anoikis begins at the cell-surface level, a task handled by a multitude
of receptors. These receptors can be those that mediate cell-ECM interactions, such as the
integrins, or cell-cell interaction, such as E-cadherin, or growth-related transmembrane
receptors, such as the epidermal growth factor receptor (EGFR), HER2 and insulin-like
growth factor 1 receptor (IGF1R). The role of each of these receptors and how they
translate ECM detachment into apoptosis has been shown to occur through the regulation
of various survival signalling pathways such as the PI3K/Akt and MAPK/ERK pathways

(Slabédkova et al., 2017), and the interactions are summarised in Figure 2.1.
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Figure 2.1: Signalling pathways regulating anoikis (adapted with permission from
Malagobadan & Nagoor, 2019)

2.2.2.1 Integrins

Integrins are heterodimers found within the focal adhesion assembly and are made up
of the a- and B-subunits. This pair of subunits can exist in 24 different combinations
depending on cell type and responds to different ligands. Upon activation, the integrins
can activate the FAK/Src complex and recruit various other proteins to eventually activate
the PI3K/Akt pathway and promote cell survival (Vachon, 2011). Since the detachment
from the ECM deprives exposure to the ligands necessary to activate the integrins, cancer
cells have been observed to manipulate its expression to favour integrins that can be
activated by self-produced ligands. For example, integrin a5B1, also known as the
fibronectin receptor, is upregulated in various types of cancer such as lung, skin and breast

cancer (Schaffner et al., 2013). This integrin is ligated by the mesenchymal marker
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fibronectin, which the cancer cells synthesise as it undergoes EMT, allowing the cells to

compensate for the detachment from the ECM and inhibit anoikis.

2.2.2.2 Growth-related transmembrane receptors

EGFR and HER?2 are members of the ErbB family widely reported to be overexpressed
in different cancer types (Wang, 2017). In breast cancer especially, overexpression of
EGFR in HER2-enriched cancer is correlated with poor prognosis and lower overall
disease-free survival (Lee et al., 2015). As transmembrane receptors, the role of EGFR
and HER?2 in regulating anoikis can take place independently of ligation when cells are
detached from the ECM with the help of integrins. The tyrosine-protein kinase Src
recruited by activated integrin phosphorylates both EGFR and HER2, which then
transduce signalling for PI3K/Akt and MAPK/ERK pathways to promote survival while
in suspension (Reginato et al.,, 2003; Haenssen et al., 2010). Additionally,
phosphorylation of these receptors has also been demonstrated to inhibit anoikis by

suppressing the pro-apoptotic regulator Bim.

Meanwhile, IGF1IR is another closely-linked receptor capable of promoting cell
survival during ECM detachment. The ability of IGFIR to inhibit anoikis is primarily
through the activation of PI3K/Akt pathway. In fact, the overexpression of IGF1R has
been repeatedly associated with drug resistance in HER2-enriched breast cancer subtypes,
through the formation of heterodimer with EGFR and the upregulation of the PI3K/Akt
pathway (Nahta et al., 2005; Gallardo et al., 2012). Furthermore, IGF1R was also shown
to suppress anoikis in luminal type breast cancer when activated by its ligand, the insulin-

like growth factor (IGF) (Luey & May, 2016).
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2.2.2.3 E-cadherin

E-cadherin is an epithelial marker that enables cell adhesion, activated by homophilic
ligation with E-cadherin of neighbouring cells (Kovacs et al., 2002). As the activation of
E-cadherin requires cell-cell contact, its expression is a liability to cancer cells attempting
to detach and metastasise. This receptor regulates cytoskeletal dynamics through a
complex formed with a-catenin, a cell-adhesion protein. Through this complex, E-
cadherin also sequesters B-catenin, another cell-adhesion protein and transcriptional
activator. Consequently, this interaction prevents P-catenin from translocating to the
nucleus and activating the expression of proteins necessary for EMT and inhibition of
anoikis (Lamouille et al., 2014). Furthermore, E-cadherin is also involved in the PI3K/Akt
pathway through its modulation of the tumour suppressor protein PTEN (Lau et al., 2011).
A negative regulator of the PI3K/Akt pathway, PTEN is a phosphatase that is repressed
by B-catenin. By restricting P-catenin’s function, E-cadherin is able to prevent the
dysregulation of PI3K/Akt pathway in cancer cells. Unsurprisingly, the loss of E-cadherin
expression is the hallmark of the epithelial-to-mesenchymal transition (EMT), a process

cancer cells undergo to become less differentiated during metastasis.

2.2.3 EMT and anoikis

To further understand the regulation of anoikis in cancer, it is imperative to clarify the
interaction between anoikis and various cellular processes implicated in cancer
phenotypes. One of such interactions is between anoikis and EMT. During EMT, cancer
cells lose the expression of epithelial markers, such as E-cadherin and a-catenin, and gain
the expression of mesenchymal markers, such as N-cadherin, vimentin and fibronectin
(Tsai & Yang, 2013). While it is necessary for normal bodily functions such as wound
healing and tissue regeneration, EMT is also exploited by cancer cells for metastatic

progression. To metastasise, cancer cells need to undergo dedifferentiation to lose
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epithelial characteristics and become more motive. This allows the cells to relinquish the
expression of cell surface receptor attaching them to the ECM and other cells, to adopt a
more mesenchymal-like morphology. The cancer cells are now able to invade the
circulatory system as they are no longer reliant on adherent growth condition to survive.
Although EMT provides an invasive advantage, cancer cells eventually undergo the
reversion of EMT, named mesenchymal-to-epithelial transition (MET) to attach

themselves to a different environment to form secondary tumours.

EMT and anoikis resistance are mainly linked by the first stage of EMT, which is the
loss of E-cadherin. As E-cadherin plays a primary role in mediating cell-cell attachment,
losing its expression facilitates cancer cell detachment from the original tumour and
inhibition of anoikis (Frisch et al., 2013). Additionally, cell-ECM interaction is also
altered during EMT, through the change in the landscape of integrin expression.
Downregulation of epithelial integrins and increased expression of integrins conducive

for metastasis have been observed in various cancer types (Lamouille et al., 2014).

The overexpression of metastasis-promoting integrins during EMT has also shown to
assist the degradation of the ECM by promoting the expression of matrix
metalloproteinases (MMP). For instance, integrin a5B1 was necessary for MMP-2
mediated breast cancer invasion, through the upregulation of survival signalling pathways
and direct interaction with MMP-2 (Morozevich et al., 2009). This integrin, which
promotes cancer cell migration and invasion, was also observed to have an inverse
relationship with E-cadherin, where the expression of E-cadherin suppressed the

expression of integrin a5p1 (Wu et al., 2006).

2.2.4 Autophagy and anoikis
In addition to EMT, autophagy is another cellular process that is related to anoikis.

Autophagy is a self-preservation mechanism that allows cells to degrade cellular
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components for recycling purpose or as a compromise in the event of stresses such as
nutrient starvation (Saha et al., 2018). As such, autophagy maintains cellular homeostasis
and contributes to increased resistance to cell death in the event of detachment from the
ECM. The relationship of autophagy and anoikis is especially important as it determines
what happens in the gap between ECM detachment and successful activation of anoikis.
During this cytoskeletal stress condition, cancer cells are able to invoke autophagy as a

defence against anoikis.

Studies have demonstrated how this is achieved, through the association between the
pro-apoptotic proteins Bim and Bmf, and pro-autophagy regulator Beclin-1 (Delgado &
Tesfaigzi, 2013). These pro-apoptotic proteins are usually associated with the cytoskeletal
microtubule in adherent condition. In this configuration, Bim and Bmf are able to
sequester and suppress the function of Beclin-1. However, upon detachment from the
ECM, this inhibition is repressed, allowing Beclin-1 to be released and initiate autophagy.
Additionally, Beclin-1 is also inhibited through a complex with the anti-apoptotic protein
Bcl-2. A recent study showed that detachment from the ECM can cause the increase in
the expression of the pro-apoptotic protein BNIP3, which also releases the inhibition of

Beclin-1 and activate autophagy (Chen et al., 2017).

Unsurprisingly, Beclin-1 is also documented to be necessary for the formation of CSC
using breast cancer cell lines, where Beclin-1 expression was found to be high in
mammospheres when compared to the adherent parental cells (Gong et al., 2012).
However, this tumour promoting role may be restricted to a limited number of
circumstances such as anoikis inhibition, as some findings suggest the possible tumour

suppressive role of Beclin-1 (Avalos et al., 2014).

For example, the expression of Beclin-1 is downregulated in a variety of cancer types

due to the monoallelic loss of its gene. Moreover, the overexpression of Beclin-1 has also
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been shown to restrict proliferation and induce apoptosis in cervical and lung cancer
models (Sun et al., 2011; Shin et al., 2013). As such, although cancer cells are able to
resort to autophagy to circumvent anoikis in anchorage-independent condition, autophagy
in cancer as a whole requires further delineation in establishing its function in

tumourigenesis.

2.2.5 Anoikis resistance in cancer stem cells (CSCs) and circulating tumour cells
(CTCs)

CSCs are cancer cells with stem-cell like features, such as self-renewal and
differentiation, which endow them with the prominent role in maintaining tumours and
enabling the formation of metastases (Yu et al., 2012). Notably, CSCs are also well
known for their ability to form tumoursphere in cell culture by inhibiting anoikis.
Tumourspheres are spherical colony of cells derived from a single progenitor cancer stem
cell in a non-adherent growth condition. The formation of tumourspheres using breast
cancer cells, aptly termed mammosphere, is particularly interesting, as it provides several
advantages for in vitro analysis of CSCs that is otherwise not feasible. For example,
mammosphere formation assay has shown to be a promising model to enrich for CSCs
and characterise them in tumourigenic breast cancer cell lines (Iglesias et al., 2013;
Piscitelli et al., 2015). Furthermore, as targeting CSCs is an important strategy in cancer
treatment, this model also allows for faster and more effective anti-cancer drug screening

against CSCs (Lee et al., 2016).

CTCs are cancer cells that have detached from their originating tumour and
successfully survived while suspended in the circulatory system. As such, CTCs represent
what happens when cancer cells acquire resistance to anoikis. Unlike normal cells, cancer
cells are able to reattach in various organs depending on the makeup of the original

tumour and proliferate, resulting in the formation of secondary tumours. However, CTCs
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as a whole is not intrinsically capable of forming metastases and is highly heterogenous
(Bulfoni et al., 2016). For that purpose, CTCs need to undergo further phenotypic changes
before seeding the growth of secondary tumours by becoming CSCs. Indeed, cellular-
and molecular-based analysis of CTCs have revealed that CSCs make up a significant

population of CTCs (Toloudi et al., 2011).

Currently, analysis of CTCs for diagnostic and prognostic purposes are still
unachievable due to various obstacles, such as limited blood sample, insufficient number
of captured CTCs and inefficient separation of CTCs from the hematopoietic cells in the
blood samples (Bulfoni et al., 2016). Several interesting developments are being made in
this front by targeting various molecular markers which may yield more information from
the liquid biopsy for treatment decision, such as epithelial cell adhesion molecule (Ep-
CAM), receptor CD45 and HER2 (Ferreira et al., 2016). For instance, in line with the
findings on tumour heterogeneity, HER2-enriched CTCs were detected in both HER2-
enriched and HER2-negative gastric cancer cases, suggesting the usefulness of HER2-
targeted therapy for these patients regardless of their primary tumour status (Matsusaka

et al., 2012; Mishima et al., 2017).

It is also worth noting that while CTCs are in suspension, most resources are being
used for survival, pushing proliferation lower in terms of priority. Unfortunately, since
most conventional chemotherapies are aimed at rapidly proliferating cells, CTCs are
likely able to evade existing drugs and contribute to relapse (Mitra et al., 2015). Since
these cells exist by inhibiting anoikis, detection of CTCs and biomarkers that can be
specifically associated with anoikis resistance, such as miRNAs, may give a better

perspective on the likelihood of metastasis or cancer recurrence.
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2.3 MicroRNA (miRNA)

The discovery of non-coding RNAs (ncRNA) that are functional came as a surprise,
as these were generally dismissed as ‘junk RNA.” As of now, ncRNAs are not only found
to be generously expressed but are also found in various forms and roles, among which
is miRNA. Based on the latest miRNA database (miRbase release 22), 1917 miRNAs
have been annotated in human, although much of these are in need of verification and in

vitro validation to remove false annotations.

First characterised in 1993 in Caenorhabditis elegans (C. elegans), miRNAs are short
strands of RNA molecules that can regulate genes by binding to a messenger RNA
(mRNA) with a complementary sequence (Lee et al., 1993). This binding results in a post-
transcriptional downregulation of a miRNA’s target gene, as the mRNA can no longer be
translated into a protein. Theoretically, a single miRNA can target multiple target genes,
and multiple miRNAs can target the same gene. Elucidating this network of regulation is
a convoluted process requiring extensive in silico and in vitro validation. In addition to
the cellular level function of miRNAs, they are also known to be secreted into the
extracellular surroundings through exosomal packaging to be taken up by neighbouring
cells. Not only does this turn miRNAs into autocrine and/or paracrine signalling
regulators but also makes them ideal candidates as biomarkers through a fluid biopsy for

cancer prognosis.

2.3.1 Biogenesis of mature miRNA

The generation of a functional miRNA begins in the nucleus, where miRNAs are found
encoded in both intergenic and intronic region (Perron, 2008; O'Brien et al., 2018).
Transcription of miRNA is carried out by RNA polymerase II/III, which creates a stable
pri-miRNA with a large stem loop and overhangs on both 5* and 3’ ends. While still in

the nucleus, the pri-miRNA is next processed by the microprocessor complex, made up
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of DGCRS, an RNA binding protein, and Drosha, a type III ribonuclease (Han et al.,
2004). The former works to identify and recognize the junction where the overhang meets
the stem in the pri-miRNA, and then recruits and directs the latter to cleave the overhangs
in a specific manner, producing pre-miRNA with a 3’ overhang that is 2 nucleotide (nt)
long. The next step is handled by the transporter complex Exportin5/RanGTP, which
identifies pre-miRNA based on its structure and exports it into the cytoplasm for further

processing.

Here onwards, the pre-miRNA is processed by a complex made of endoribonucleases
Dicer and argonaute-2 (Ago2), and RISC-loading complex subunit TARBP2 into a
miRNA duplex through the removal of the stem loop (Cifuentes et al., 2010; Macfarlane
& Murphy, 2010). The miRNA duplex pairing may or may not be perfect, and each strand
in the duplex represents the original 5° arm (5p) and 3’ arm (3p) of the pre-miRNA. One
of the strands will become the mature miRNA, while the other, designated as the
passenger strand or miRNA*, will be unwound from the duplex and degraded. Although
the eventual fate of each of the strands in the duplex is predominantly determined by
intrinsic factors, such as binding affinity and nucleotide bias, various external factors have
also been suggested to be involved, such as the type of cell and the developmental stages

the cell is in (Meijer et al., 2014).

2.3.2 Target mRNA downregulation by miRNA

A miRNA downregulates a target gene by RNA interference, identical to that of small-
interfering RNA (siRNA) in mammals (Filipowicz et al., 2005). Upon processing and
maturation, the miRNA is loaded into Ago2 to form the miRNA-induced silencing
complex (miRISC), also composed of Dicer, TARBP2 and interferon-inducible double-
stranded RN A-dependent protein kinase activator A (PACT). Within the RISC assembly,

the miRNA acts as a guide strand to direct the activated assembly to a target mRNA.
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The interaction between the miRNA and target mRNA is mediated by the
complementary base pairing between the seed sequence of the miRNA, which spans the
length of 6 nt from the second base (position 2 to 7), and the miRNA response element
(MRE) located in the 3° UTR of the target mRNA. The complementary pairing can be
categorised by specific nomenclatures to describe the length and complementarity of the
MRE (Grimson et al., 2007). The first is the 8mer, which denotes a complementary match
with position 2 to 8 in the miRNA (seed and position 8) followed by an adenosine base.
Next are the 7mers, which can be either 7mer-m8, denoting match with position 2-8 in
the miRNA (seed and position 8), or 7mer-Al, denoting match with position 2 to 7
followed by an adenosine base. Finally, the 6mer denotes a complementary match with
position 2 to 7. The length of complementary bases between the 3 UTR of target mRNA
and the seed, however, does not seem to affect the stability or strength of downregulation,
presumably due to the additional role played by Ago?2 in stabilizing the interaction (Jo et

al., 2015; Mullany et al., 2016).

After the base pairing between the miRNA and the target mRNA, the miRISC recruits
more proteins which ultimately results in target mRNA repression and degradation (Jonas
& lzaurralde, 2015). These proteins are the scaffolding protein GW182 and poly(A)
deadenylation complex PAN2-PAN3 and CCR4-NOT, which results in target mRNA
deadenylation. Decapping of the target mRNA also takes place, carried out by the mRNA -
decapping enzymes to prepare the mRNA for 5’ to 3” degradation by the exoribonuclease
Xrnl. Overall, the binding of the miRNA to its target gene results in the target gene

downregulation.

2.3.3 Regulation of miRNA’s expression and function
Differential miRNA expression has been noted among different cell types and during

certain diseases such as cancer. In-depth studies into how miRNA expression is
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manipulated has revealed regulation at various stages of miRNA development, such as at
the DNA or post-transcriptional levels. There are several DNA-level alterations that can
affect the expression of a miRNA. For instance, epigenetic changes such as
hypermethylation or histone modification can reduce the general expression of the
miRNA, while single-nucleotide polymorphism can cause changes in the secondary
structure of pri-miRNA to interfere with its processing or reduce the miRNA’s

complementarity with its target mRNA (Auyeung et al., 2013).

On the other hand, post-transcriptional regulation can also exert effects on a miRNA’s
expression level, chiefly through the destabilization of the miRNA, preventing it from
effectively interacting with miRNA-processing proteins in order to mature and carry out
its function (Ha & Kim, 2014). For example, editing of the pri-miRNA by adenosine
deaminases and methylation of pre-miRNA by the methyltransferase BCDIN3D impedes

miRNA interaction with Drosha and Dicer respectively.

Additionally, regulation of miRNA function can also occur when the target mRNA’s
3’UTR region is changed due to alternative polyadenylation or alternative splicing.
Alternative polyadenylation, which results in variable mRNA transcript length, has been
demonstrated to be the reason for tissue-specific role of miRNA, as cells were shown to
switch the expression of target mRNA to contain shorter 3° UTR isoforms as a way to
evade miRNAs in different cell types (Nam et al., 2014). For example, a study in C.
elegans found that RACK1 and TCTP, proteins involved in calcium signalling, showed
increased expression in body muscle tissues by switching to shorter 3° UTR isoforms to

prevent downregulation by miRNAs (Blazie et al., 2017).

2.3.4 miRNA regulating anoikis in breast cancer
The dysregulation of miRNA expression is widely reported in various cancer types

including breast cancer (Iorio & Croce, 2012). This has allowed identification of miRNAs
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playing the role of oncogenes, termed oncomiRs, and miRNAs that play the opposite role,
termed tumour suppressor miRNAs. Further studies into these miRNAs have also

highlighted important players involved in cancer phenotypes such as anoikis.

Several of these miRNAs have been shown to explicitly regulate anoikis in cancer
(Malagobadan & Nagoor, 2015). From the analysis of such miRNAs, it was possible to
identify key proteins and signalling pathways that are frequently targeted and
downregulated (Figure 2.2). Among these, some miRNAs have been demonstrated to
regulate anoikis in breast cancer. Examples of such miRNAs are the miR-200 family and

miR-181a.

Figure 2.2: Example of the signalling networks regulated by miRNA involved in anoikis
in various cancer types (adapted from Malagobadan & Nagoor, 2015)
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2.3.4.1 miR-200 family

The miR-200 family is made of four miRNAs whose nearly identical sequences have
resulted in similar functions in various cancer types. These miRNAs, which are miR-
200a, miR-200b, miR-200c, miR141 and miR-429, have been repeatedly shown to have
tumour suppressive characteristics when overexpressed in cancer cells, namely through
MET. Separate studies exploring the individual members of the miR-200 family in breast
cancer have identified various target proteins of these miRNAs which enable the miRNAs
to increase anoikis sensitivity. For example, transcriptional coactivator YAP1 is targeted
by miR-200a, isomerase Pinl is targeted by miR-200b and transcriptional inhibitors
ZEBI and ZEB2 are targeted by miR-200c (Howe et al., 2011; Yu et al., 2013; Zhang et
al., 2013). As these targets are intimately linked to EMT, the overall actions of these
members of the miR-200 family culminate in the restoration of E-cadherin expression,

which enables MET while promoting anoikis (Jabbari et al., 2014).

2.3.4.2 miR-181a

miR-181a is one of the most frequently studied miRNAs in cancer and is known to
play significant roles in various cellular processes, such as cell proliferation, apoptosis
and senescence. As such, regulation of anoikis in breast cancer by miR-181a has been
well explored, revealing the paradoxical role of being oncogenic and tumour suppressive
depending on the cell line (Yang et al., 2017). For example, miR-181a was found to be
tumour suppressive and promote anoikis in MCF-7, a luminal A type breast cancer cell
line (Wei et al., 2016). Interestingly, although its direct target was not validated, miR-
181a was shown to suppress autophagy to promote anoikis in MCF-7 through the

downregulation of autophagy regulator ATGS.

On the other hand, miR-181a was also shown to be oncogenic by inhibiting anoikis

through the targeting of the pro-apoptotic protein Bim in several breast cancer cell lines
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(Taylor et al., 2013). This study builds upon findings from earlier studies demonstrating
the upregulation of miR-181a and induction of tumoursphere upon the exposure to
transforming growth factor TGF-B (Wang et al., 2011). As anoikis resistance and
formation of tumoursphere are some of the hallmarks of CSC formation, these findings
portray miR-181a as a potential therapeutic target in treating breast cancer. However, the
contrasting function of miR-181a emphasises the necessity to establish a miRNA’s cell-

type dependent role before determining its usefulness in cancer therapeutics.

2.3.5 miRNA in cancer therapeutics

The understanding of the dysregulation of miRNAs in cancer has provided two
avenues through which miRNA-based therapeutic approach can be applied, namely
through the introduction of miRNA mimetics to mimic the effect of tumour suppressive
miRNAs and miRNA inhibitors to inhibit the action of oncomiRs. There are no shortages
of miRNAs holding the potential for miRNA-based therapeutics, as can be seen from a
myriad of publications on oncomiRs or tumour suppressive miRNAs. However,
contextual roles in different cell lines of the same type of cancer are often seen in many
of these instances, which may translate into deleterious effects when dealing with the
heterogeneity of cancer in patients. As of now, several pharmaceutical companies have
spearheaded the efforts to bring miRNA-based therapeutics into clinical application,
although many of these are still in the early stages of the development pipeline
(Chakraborty et al., 2017). These developments are also aimed at various other diseases

in addition to cancer, such as renal fibrosis, atherosclerosis and myocardial infarction.

RNA strands that act as miRNA mimics and inhibitors by themselves are unsuitable
for in vivo application, as these molecules are subjected to rapid degradation by nucleases
in the blood (Chen et al., 2015). As such, several modifications have been developed to

deliver a more stable and longer lasting effect in patients, such as locked-nucleic acid
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(LNA), 2’-O-methyl and 2’-O-methoxyethyl modification and peptide-nucleic acid

(Christopher et al., 2016; Shah et al., 2016). As for the delivery, there are several major

mechanisms that have been shown to be successful through in vivo models for both

miRNA mimics and inhibitors, such as vectors, amphoteric liposomes and nanoparticles.

All these examples are summarised with description (Table 2.1).

Table 2.1: Summary of the development of miRNA therapeutics

Developments

Type

Description

Reference

Oligonucleotide
modification

LNA

The ribose of the RNA is
locked with a methylene
bridge between the 2°-O and
4’-C. This conformation
enables higher resistance to
nucleases and better target
affinity.

(Obad et al., 2011)

2’-O-methyl
modified

A methyl group is added to
the 2’-O for increased
stability against nucleases.

(Kumar et al.,
2014)

2’-0O-
methoxyethyl
modified

A methoxyethyl group is
added to the 2’-O for
increased stability against
nucleases with improved
activity over 2’-O-methyl
modification.

(Esau et al., 2006)

Peptide-
nucleic acid

A DNA-resembling molecule
with  2-aminoethyl-glycine
polymer as a backbone,
capable of anti-miRNA
activity, with significantly
higher resistance to
degradation  and  tighter
binding.

(Amato et
2014)

al.,

Delivery
mechanisms

Vectors

Vectors act as carrier for
miRNA mimics or inhibitors
for a longer and more stable
expression in target cells.
Examples are adenovirus-
associated vector widely used
for systemic delivery and
plasmids carrying miRNA
sponges which are inhibitors
containing binding sites to
target miRNA seed regions.

(Ebert & Sharp,
2010; Xie et al.,
2015)
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Table 2.1, continued

Developments Type Description Reference
Delivery Amphoteric A phospholipid | (Daige et al., 2014)
mechanisms liposomes enclosure in the

form of a spherical
vesicle with high
stability in  the
serum for systemic
delivery.
Nanoparticles Nanosized particles | (Zhang et al., 2013)
encapsulating
miRNA mimics or
inhibitors that can
be used for tumour-
targeted delivery.

Presently, no miRNA-based drug for cancer treatment is available in clinical trial after
the abrupt termination of MRX34, a mimic of the tumour suppressor miR-34a, due to
adverse response in patients. Nevertheless, interest and advancement of miRNA-based
therapeutics for cancer remain firm, especially for breast cancer, as is evident from the
highest number of patents granted compared to other cancer types (Chakraborty et al.,
2017). Such developments will undoubtedly introduce a novel method aimed to exploit
miRNA expression to restore normal cellular functions, which would not only be

applicable in cancer treatment but also in various other diseases.

2.3.6 miRNA as cancer biomarker

While miRNA-based therapeutics is still lagging, studies based on patients’ blood
sample have shown significant progress in using miRNAs for cancer diagnostics and
prognosis. The expression of miRNAs goes beyond intracellular function as they are also
excreted into the circulatory system through exosomes. This provides a way to monitor
changes in the expression of miRNAs, which can then be correlated with either

malignancy of the tumour or response to cancer treatments. Although still in the early
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developmental stages, the use of miRNAs as biomarkers has already been proven to have

high potential in monitoring breast cancer.

In the case of cancer diagnostics, multiple studies have shown the success of using
combinations of miRNA as biomarkers for specific cancer types. For example, three
separate studies using unique panels of miRNAs were able to distinguish early breast
cancer patients from healthy controls with significantly high predictive values, including
the detection of stage I and stage II breast cancer (Cuk et al., 2013; Nget al., 2013; Kodahl
et al., 2014). Furthermore, analysis of miRNAs associated with senescence and metastasis
was also found to be useful for early prediction based on plasma samples obtained after
tumour removal and before adjuvant chemotherapy. This was shown in a recent study
analysing the expression of miR-21, miR-23b, miR-190 and miR-200c in old samples
collected from breast cancer patients, which showed high correlation with cancer relapse

and overall survival when compared to actual clinical data (Papadaki et al., 2018).

Even with limited starting material, quantification of serum miRNA can be carried out
in several ways, such as reverse transcriptase-quantitative polymerase chain reaction (RT-
qPCR), miRNA microarray, next-generation sequencing and NanoString nCounter
platform (Hamam et al., 2017). As such, further development of these platforms may lead
to automated systems using liquid biopsy to provide faster and easier breast cancer

diagnosis and prognosis as compared to the existing manual analysis of tumour biopsy.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Cell culture and maintenance

Two breast cancer cell lines, MCF-7 and MDA-MB-231, were obtained from
American Type Culture Collection (VA, USA). MCF-7 was cultured in a-MEM media
(Nacalai Tesque, Kyoto, Japan) while MDA-MB-231 was cultured in RPMI media
(Hyclone, UT, USA). Both cell culture media were supplemented with 10.0% fetal bovine
serum (FBS) (Hyclone, UT, USA) and 1.0% penicillin/streptomycin mix (Lonza, Basel,
Switzerland) unless otherwise stated. The cells were maintained in a carbon dioxide (CO»)
incubator, with humidity set at 95.0%, temperature at 37.0°C, and CO; at 5.0%. Cells

were passaged whenever a confluency of approximately 80% was reached.

3.1.1 Cell culture sub-cultivation

Each cell line was split every three to four days or when approximately 80%
confluency was reached in the cell culture flask. The harvesting of cells was done by first
aspirating spent culture medium and discarding it. The surface of the culture flask with
the cell monolayer was then rinsed with sterile phosphate-buffered saline (PBS) to
remove traces of cell culture medium. After aspirating and discarding the PBS, 0.25%
trypsin enzyme solution (Gibco, CA, USA) with 0.53 mM ethylenediaminetetraacetic
acid (EDTA) (Gibco, CA, USA) was added to dissociate the bonds between the cells in
the monolayer with each other and the culture flask. The culture flask was placed in the
COs incubator at 37.0°C for 5 minutes to facilitate the enzymatic dissociation process.
Once the cells were confirmed to have detached from the flask as observed using an
inverted microscope, equal volume of respective culture medium was mixed with the
trypsin solution containing the suspended cells to inactivate the enzymes. The entire
suspension was aspirated and transferred into a 15 mL Falcon tube followed by

centrifugation at 1500 RPM in the Eppendorf Centrifuge 5702 (Eppendorf, Hamburg,
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Germany) to pellet the cells. The supernatant was gently aspirated and discarded, while
the cell pellet was resuspended in fresh culture medium. Upon gentle mixing, the cell
suspension was either counted and plated in cell culture plates for experimental purpose

or transferred into a new cell culture flask for maintenance purpose.

3.1.2 Cell counting

The concentration of cells in suspension was calculated using dye exclusion viability
assay and a haemocytometer. Firstly, the cell suspension was gently mixed to ensure even
distribution of cells. Then, 20.0 puL of the suspension was mixed with 20.0 uL of 0.08%
trypan blue stain solution (Sigma Aldrich, MO, USA) in a 1.5 mL microcentrifuge tube.
The mixture was left at room temperature for 3 minutes to allow penetration of the stain
into dead cells. After pipetting the mixture up and down several times, 10.0 pL of the
mixture was transferred into the chamber between a haemocytometer and the cover slip.
Using 100x magnification under the inverted microscope, the number of viable cells in
four square grids at each corner was counted. Dead cells, which are stained blue, were
not counted. The total number of viable cells from the four grids was divided by four to
obtain the average number of cells per grid, and the cell concentration was calculated

using the following formula:

] Number of cells o 4
Cell concentration (cell/ml) = Number of grids X Dilution factor x 10 (3.1)

3.2 Anoikis resistant sub-cell line generation

MCF-7 cells were harvested from normal tissue culture flask using trypsin and
counted. A total of 0.6x10° cells in 2.0 mL of complete medium was transferred into a
well in the 6-well Costar Ultra Low Attachment (ULA) plate (Corning, NY, USA) to
induce anoikis. After 72 hours (h), the cells were transferred into normal tissue culture

plate to enable viable cells to attach and proliferate. After 24 h, the media was replaced

30



to discard floating dead cells. The cells were then harvested again, and this cycle was
repeated for a total of six times before establishing a new anoikis resistant sub-cell line

labelled as MCF-7-AR6. This sub-cell line was cultured similarly as MCF-7 cell line.

33 Cell viability assay

To measure proliferation of transfected cells, viable cells were quantified using
CellTiter-Glo Luminescent Cell Viability Assay kit (Promega, WI, USA) at 24 h interval
for a total of 6 days. First, MCF-7 and MDA-MB-231 cells were harvested using trypsin
and counted 24 h after transfection. The cells were resuspended into complete growth
medium at a concentration of 1.0x10° cells/mL. Each transfection group was plated into
5 separate wells in a 24-well plate labelled Day 1 — Day 5, at a volume of 500 uL per each
well, and incubated at 37.0°C. Simultaneously, another 100.0 uL of the suspension was
mixed with an equal volume of CellTiter-Glo Reagent in a microcentrifuge tube and
placed in a shaker for 2 minutes. After an additional 10 minutes of incubation at room
temperature, the luminescence for Day 0 was recorded using GloMax-Multi Jr Single

Tube Multimode Reader (Promega, W1, USA).

After 24 h, spent media from Day 1 well was collected in a 15 mL falcon tube, and the
cells were harvested using trypsin and mixed into the same tube. The cells were
centrifuged to obtain the pellet, which was resuspended in fresh 500.0 mL growth
medium. Then, 100.0 uL of the cell suspension was mixed with an equal volume of
CellTiter-Glo Reagent and placed in a shaker for 2 minutes. After an additional 10
minutes of incubation at room temperature, the luminescence for Day 1 was recorded
using GloMax-Multi Jr Single Tube Multimode Reader (Promega, W1, USA). This step

was repeated at every 24 h interval until Day 5 measurement was collected.

To measure cell viability after induction of anoikis, CellTiter-Glo Luminescent Cell

Viability Assay kit (Promega, WI, USA) was used. A total of 0.3x10° cells of MCF-7 or
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MCF-7-AR6 were suspended in 1 mL of respective media and transferred to a well in 24-
well ULA plate for 48 h of incubation at 37.0°C to induce anoikis. For transfected cells,
at 48 h post transfection, cells from each well of a 6-well tissue culture plate were
harvested using trypsin and mixed with spent media from respective wells. The cells were
then centrifuged and resuspended in 2.0 mL of respective growth medium before being
transferred into a well in a 6-well ULA plate for 48 h of incubation at 37.0°C in
suspension. To measure the viability of cells, the cell suspension was mixed thoroughly
by pipetting to break up clumps of cells and ensure even distribution of cells. Then, 100.0
nL of the cell suspension was mixed with an equal volume of CellTiter-Glo Reagent in a
microcentrifuge tube and placed in a shaker for 2 minutes. After an additional 10 minutes
of incubation at room temperature, the luminescence was recorded using GloMax-Multi

Jr Single Tube Multimode Reader (Promega, WI, USA).

34 Caspase-3/7 activity assay

Caspase-3/7 activity was detected using Caspase-Glo 3/7 Assay kit (Promega, W1,
USA). A total of 0.3x10° cells of MCF-7 or MCF-7-AR6 were suspended in 1.0 mL of
recommended media and transferred to a well in 24-well ULA plate for 24 h of incubation
at 37.0°C in suspension. For transfected cells, at 48 h post transfection, cells from each
well of a 6-well tissue culture plate were harvested using trypsin and combined with spent
media. The cells were then centrifuged and resuspended in 2.0 mL of respective growth
medium before being transferred into a well in a 6-well ULA plate for 24 h of incubation
at 37.0°C to induce anoikis. The caspase-3/7 activity in each sample was then measured
according to manufacturer’s protocol. The cell suspension was thoroughly mixed by
pipetting to break up clumps of cells and ensure even distribution of cells. Then, 100.0
uL of the cell suspension was mixed with an equal volume of Caspase-3/7 Glo Reagent

in a microcentrifuge tube and incubated in the dark at room temperature for 1 h. The

32



resulting luminescence in the samples was measured using GloMax-Multi Jr Single Tube

Multimode Reader.

3.5 Wound healing assay

Cells were grown to confluency in a 6-well tissue culture plate. A scratch was made
on the monolayer by dragging a p200 pipette tip across the well. The well was rinsed
twice with PBS to remove the dislodged cell debris and the culture media supplemented
with 1.0% FBS was added to the well. The wound gap was photographed at 40x
magnification at 0 h and 24 h at specific predefined point in the well. The relative wound
area was measured using TScratch v1.0 software (ETH, Zurich, Switzerland), which
calculates the area of the scratch. Area recovered at 24 h was calculated based on the

following equation:

Scratch area at 0 h — Scratch area at 24 h

Arearecovered (%) = Scratch areaat O x 100 (3.2)

3.6 Total RNA extraction

Total RNA extraction was done on cell pellets using Qiagen miRNeasy mini kit
(Qiagen, Hilden, Germany), containing QIAzol Lysis Reagent, RNeasy Mini spin column
and Buffer RPE. The cell pellet was resuspended in 700.0 pL of QIAzol Lysis Reagent
in a 1.5 mL microcentrifuge tube. After vortexing the suspension for 15 seconds and
mixing it well, the suspension was incubated at room temperature. After 5 minutes, 140.0
uL of chloroform was mixed with the solution, and the microcentrifuge tube was shaken
vigorously for 15 seconds. After an additional 2-3 minutes incubation at room
temperature, the microcentrifuge tube was centrifuged at 4.0°C for 15 minutes at
12000xg. The solution separates into upper, middle and lower phases. The upper aqueous
phase, which contains RNA, was gently aspirated and transferred into a new collection
tube, and 1.5% volume of 100% ethanol (Fisher Scientific, MA, USA) was mixed with

the aqueous phase. The solution was then transferred an RNeasy Mini spin column placed
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in a collection tube and centrifuged for 15 seconds at 8000xg. The flow-through in the
column was discarded, and 500.0 uL of Buffer RPE was added into the column. After
centrifuging for 2 minutes at 8000xg, the column was taken out of the collection tube and
placed in a 1.5 mL microcentrifuge tube. Then, 30.0 uL of RNase-free water was pipetted
onto the membrane in the column, and the tube was centrifuged for 1 minute at 8000%g.
The flow through solution which eluted the RNA was either stored at -20.0°C or used

immediately for experimental purposes.

3.6.1 RNA quantitation and quality analysis

Quality and quantity analysis of the extracted RNA were done using NanoDrop
Spectrophotometer (Thermo Fisher Scientific, MA, USA) for RT-qPCR and Agilent 2200
TapeStation System (Agilent Technologies, CA, USA) for miRNA microarray. In the
NanoDrop Spectrophotometer, 1.0 pL of the extracted RNA was pipetted onto the
pedestal and the concentration was measured for each sample at OD2¢o. In the Agilent
2200 TapeStation, a mixture of 1.0 uL of the sample and 4.0 pL of R6K sample buffer in
a microcentrifuge tube was heated for 3 minutes at 72.0°C to denature the sample. The
solution was then cooled on ice for 2 minutes and briefly centrifuged to collect the
samples at the bottom of the tube. The entire solution was then transferred into the
ScreenTape R6K and loaded into the Agilent 2200 TapeStation to measure the RNA

concentration and integrity.
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3.7 miRNA microarray
3.7.1 RNA preparation

To screen for miRNAs regulating anoikis resistance, the differential expression of
miRNA in MCF-7-AR6 compared to MCF-7 was analysed using GeneChip miRNA
Arrays (Affymetrix, CA, USA) kit based on manufacturer’s recommended protocol.
Firstly, poly (A) tailing was conducted on the extracted total RNA from MCF-7 and MCF-
7-ARG6. For each sample, 1000 ng of RNA was diluted in 8.0 uL of nuclease-free water
and mixed with 2.0 pL of RNA Spike Control Oligos while on ice. In a separate tube,
ATP mix was prepared at 1:500 dilution in I mM Tris. Next, a master mix for poly (A)
tailing was prepared in the order listed in Table 3.1. The master mix was added the RNA
mixture and incubated at 37.0°C for 15 minutes to complete the poly (A) tailing reaction.
The tailed RNA was then mixed with 4.0 pL of 5x FlashTag Biotin HSR Ligation Mix
and 2.0 uL of T4 DNA Ligase. This mixture was incubated at room temperature for 30
minutes. Then, 2.5 uL of HSR Stop Solution was mixed with the sample and the biotin-

labelled RNA sample was kept on ice until next step.

Table 3.1: Poly (A) tailing master mix

Ingredients Volume (ul)
10x Reaction Buffer 1.5
25 mM MnCl, 1.5
Diluted ATP mix 1.0
PAP Enzyme 1.0
Total Volume 5.0

3.7.2 Hybridisation

The reagents for hybridisation cocktail were thawed to room temperature, and the 20x
Hybridisation Controls was heated at 65.0°C for 5 minutes. The reagents were added to
the tube containing biotin-labelled RNA sample by the order and volume listed in Table

3.2 to prepare the hybridisation cocktail.
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Table 3.2: Hybridisation cocktail components

Ingredients Volume (ul)
2x Hybridisation Mix 50.0
27.5% Formamide 15.0
DMSO 10.0
20x Hybridisation Controls 5.0
Control Oligo B2, 3nM 1.7
Total Volume 81.7

The mixture was incubated at 99.0°C for 5 minutes and 45.0°C for 5 minutes. From
the mixture, 100 uL of sample was injected into the GeneChip Array cartridge. The
cartridge was then loaded into the GeneChip Hybridisation Oven 640 (Affymetrix, CA,
USA) and incubated at 48.0°C and 60 rpm for 18 h. After the incubation, the sample was
aspirated out of the cartridge, and Array Holding Buffer was filled into the cartridge
completely, ensuring that no bubbles formed inside. After 10 minutes of incubation at
room temperature, the cartridge was loaded into the GeneChip Fluidics Station 450
(Affymetrix, CA, USA) for washing and staining using the default 100 format array
protocol. The cartridge was then scanned using GeneChip Scanner 300 (Affymetrix, CA,

USA) using default settings.

3.7.3 Microarray analysis

Affymetrix Transcriptome Analysis Console v3.0 (Affymetrix Inc, CA, US) was used
to analyse the results and compare the differential miRNA expression between MCF-7-
AR6 and MCF-7 using one-way between-subject ANOVA, with ANOVA p-value <0.05,

and fold change threshold set at >2.5 or <-2.5.

3.8 Reverse transcription polymerase chain reaction (RT-PCR)
RT-PCR of miRNA was carried out with TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems, CA, USA) and TagMan MicroRNA Assays (Applied

Biosystems, CA, USA) (Table 3.3).
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Table 3.3: TagMan MicroRNA assays

Assay Accession Assay Name

ID Number
002178 MI0005757 hsa-miR-935
466929 M10022589 hsa-miR-6744-5p
001093 - RNU6B

The RT master mix was prepared according to manufacturer’s protocol as listed in
Table 3.4. Once the master mix was prepared, it was mixed thoroughly and centrifuged
briefly to collect the mixture at the bottom of the microcentrifuge tube. The RT master

mix was place on ice while the RNA sample was prepared.

Table 3.4: RT master mix composition

Component Master mix volume
100 nM dNTPs (with dTTP) 0.10 uL
MultiScribe™ Reverse Transcriptase, 50 U/uL 0.67 uL
10x Reverse Transcription Buffer 1.00 uL
RNase Inhibitor 20 U/ uLb 0.13 uL
Nuclease-free water 2.78 uL
Total Volume 4.68 uL

For each miRNA, the 5x RT primer and RNA sample were thawed on ice. After
thawing, 1000 ng of total RNA in 3.3 pL. was mixed with 4.68 pL of RT master mix.
Then, 2.0 L of RT primer of respective miRNAs was added to the mixture, and the tube
containing the reaction was briefly centrifuged and placed on ice for 5 minutes. The tube
was then loaded into a thermal cycler, set to run with settings for cDNA synthesis (Table

3.5).

Table 3.5: Thermal cycler settings

Time Temperature
30 minutes 16°C
30 minutes 42°C
5 minutes 85°C
o0 4°C
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39 Quantitative PCR (qPCR)
The product of RT reaction was used for qPCR by mixing it with the following

components (Table 3.6).

Table 3.6: Composition of qPCR master mix

Component Master mix volume
TaqMan Fast Advanced PCR Master Mix 5.00 puL
Nuclease-free water 3.84 uL
TagMan MicroRNA Assay (20) 0.50 puL
Product from RT reaction 0.67 uL
Total Volume 10.01 uL

The master mix for qPCR was prepared in a low-profile microcentrifuge tube. The
mixture was mixed well and centrifuged to collect the samples at the bottom of the tube.
After sealing, the tubes were loaded into CFX96™ Real-Time PCR Detection System

(Bio-Rad Laboratories, CA, USA), set to run with the following settings (Table 3.7).

Table 3.7: Real-time PCR settings

Enzyme
Step Activation PCR
CYCLE (40 Cycles)
HOLD Denature Anneal/Extend
Temperature 95°C 95°C 60°C
Time 10 min 15 sec 60 sec

The results were analysed with Bio-Rad CFX Manager™ v1.6 (Bio-Rad Laboratories,

CA, USA) to obtain cycle threshold (Ct) values for the tested miRNAs.
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3.10 Transfection

For the overexpression and knockdown of selected miRNAs, cells were transfected
with miRIDIAN miRNA mimics and hairpin inhibitors (GE Healthcare Dharmacon, CO,
USA) (Table 3.8). The miRNA mimics are double-stranded nucleotides that functions
similarly as the chosen miRNAs, whereas the hairpin inhibitors are oligonucleotides that
binds to the target miRNA and suppresses its function. Negative controls for mimics and
inhibitors are based on the sequence of C. elegans miRNA (cel-miR-67), a miRNA with

minimal known activity in human.

Table 3.8: Accession number and sequences of mature chosen miRNAs

ID Accession Number Sequence (5’----3°)
hsa-miR-935 MIMATO0004978 CCAGUUACCGCUUCCGCUACCGC
hsa-miR-6744-5p  MIMAT0027389 UGGAUGACAGUGGAGGCCU
cel-mir-67 MIMATO0000039 UCACAACCUCCUAGAAAGAGUAGA

Cells used for transfection were first harvested and counted. In a well in 6-well plate,
0.3x10° cells were plated in 2.0 mL of complete medium for 24 h. Stock solution for the
miRNA mimics, inhibitors and respective controls were prepared at 20 uM aliquots.
During transfection, 2.5 uL of 20 uM stock solution of each transfection reaction was
mixed with 197.5 pL serum- and antibody free media and kept in a microcentrifuge tube
for 5 minutes at room temperature. In another tube, 2.0 pL. Dharmafect 1 transfection
reagent (GE Healthcare Dharmacon CA, USA) was mixed with 198.0 pL serum- and
antibody free medium. The contents of both tubes were mixed thoroughly to make up a
total volume of 400.0 L and kept at room temperature for 15 minutes. Then, the solution
was mixed with 1.6 mL full growth medium without antibody and mixed thoroughly to
create the transfection medium with a final concentration of 25 nM. The existing medium

in the 6-well plate with the plated cells was aspirated and discarded, and the wells were
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rinsed with 2.0 mL of PBS. Then, the transfection medium with either miRNA mimics,

inhibitors or controls were added to the appropriate wells for transfection.

3.11  Western blot
3.11.1 Protein extraction

Total protein was harvested from cells 72 h after transfection using RIPA buffer
(Thermo Fisher Scientific, MA, USA). Before use, RIPA buffer was mixed with Halt
Protease Inhibitor Cocktail (Thermo Fisher Scientific, MA, USA) and Halt Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, MA, USA) at 1:1000 dilution each and
placed on ice. Next, media from the wells containing transfected cells in 6-well plate was
aspirated and discarded. The plate was placed on ice, and each well was rinsed with 1.0
mL ice-cold PBS twice. Then, 100.0 uL of RIPA buffer was added to the surface of each
well and the plate was gently swirled to uniformly spread the buffer throughout the well.
After 5 minutes of incubation on ice, the cells were scraped from the 6-well plate using a
cell scraper and immediately transferred into a 1.5 mL microcentrifuge tube on ice. The
tubes were then centrifuged at 14000%g for 15 minutes. The supernatant, which contained
total protein, was gently aspirated without disturbing the cell pellet and transferred into
another 1.5 mL microcentrifuge tube. The protein sample was then used for protein

quantification and western blot analysis.

3.11.2 Protein quantification

To quantify the concentration of protein in each extracted sample, Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, MA, USA) was used. A standard curve for protein
concentration was first prepared using the provided bovine serum albumin (BSA) solution
with a concentration of 2000 ug/mL. BSA samples with concentrations of 2,000, 1,500,
1,000, 750, 500, 250, 125, and 25 pg/ml were prepared to establish a standard curve.

Meanwhile, BCA working reagent was mixed as recommended by combining 50 parts of
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BCA Reagent A and 1 part of BCA Reagent B. For each measurement, 200.0 uL of
working reagent was mixed with 20.0 pL sample and incubated for 30 minutes at 37.0°C.
The absorbance was measured using NanoDrop 2000 at 560 nm and protein concentration

was determined based on the standard curve.

3.11.3 Sample preparation

To denature the complex protein structures into linear forms for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Lane Marker Reducing Sample
Buffer (Thermo Fisher Scientific, MA, USA), which contains 100mM dithiothreitol
(DTT) and 5% SDS, was used. DTT reduces proteins down to its primary structures by
breaking the inter- and intramolecular disulphide bonds, while SDS attaches to amino
acids uniformly on a protein to provide a constant charge-to-mass ratio. To prepare the
protein samples for SDS-PAGE, the concentration of the protein was adjusted to 2.0
pg/uL in a final volume of 20.0 puL. The adjusted sample was mixed thoroughly with 5.0
pL of the sample buffer which was cooled down to room temperature. The mixture was
boiled for 5 minutes at 95.0°C in a heat block and allowed to cool down to room

temperature before SDS-PAGE.

3.11.4 Gel preparation

Once the protein samples have been denatured and prepared with a uniform
concentration, the samples were loaded into a polyacrylamide gel to separate proteins
based on their sizes using electrophoresis. Due to the negative charge imparted by SDS,
proteins in the samples will migrate towards the anode. Meanwhile, pores within the gel
ensures that proteins migrate at a speed that is determined by their respective sizes,
enabling efficient separation. For this analysis, 4.0% stacking gel and 7.5% resolving gel

were used. The gels were prepared using ingredients in the order listed in Table 3.9. The
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last two ingredients, ammonium persulfate (APS) and tetramethyl-ethylenediamine

(TEMED), were added right before pouring the gel mixture into its cast.

Table 3.9: Polyacrylamide gel ingredients

Stacking Resolving

Ingredients Gel Gel
(4.0%) (7.5%)
(uh) (nh
Distilled H>O (dH20) 3167.5 5460.0
0.5M Tris-HCI (pH 6.8) 1,250.0 -
1.5M Tris-HCI (pH 8.8) - 2500.0
10% SDS 50.0 100.0
40% Acrylamide (Promega, WI, USA) 500.0 1880.0
10% (w/v) Fresh ammonium persulfate (APS) 25.0 50.0
Tetramethyl-ethylenediamine (TEMED) (Acros, MA, USA) 7.5 10.0
Total Volume 5000.0 10000.0

Glass plates of 1 mm thickness and 18 cmx16 cm dimension (Bio-Rad Laboratories,
CA, USA) were set into the provided casting tray, ensuring that the plates are aligned
parallel to each other to prevent leaks. Then, 5.0 mL of resolving gel solution that was
prepared was immediately and gently poured into the space between the glass plates. To
ensure that the top layer of the gel is even, 2.0 mL of 70.0% ethanol solution was poured
gently on top of the resolving gel. After 30 minutes, once a clear line is visible separating
the solidified gel from the ethanol layer on top, the cast was tilted to pour out the ethanol,
and Kim-wipes were used to gently blot out the remaining ethanol residues in the cast.
Next, the stacking gel solution was prepared accordingly and poured immediately on top
of the resolving gel, all the way to the brim of the glass plates. A 10-well gel comb of 1
mm thickness was then inserted quickly into the space between the glass plates while
ensuring that air bubbles were not formed during this step. The stacking gel was allowed

to solidify for another 30 minutes before the casted gel was ready for SDS-PAGE.
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3.11.5 SDS-PAGE

Before the protein samples were loaded into the gel, two casted gels in glass plates
were transferred into the Mini PROTEAN Tetra System (Bio-Rad Laboratories, CA,
USA) into a single cassette in the tank. The glass plates are placed in the correct
orientation, in which the sides where samples are loaded face each other. The entire set
up is filled with Tris/Glycine/SDS (TGS) running buffer, including the space between the
glass plates. The combs were gently lifted from the plates, and each well in the gels was
flushed with the running buffer to clear the wells of undesired gel residues. The first well
of the gel was loaded with 8.0 puL of biotinylated protein ladder (Cell Signaling
Technology, USA), while 20.0 pL of denatured protein samples were loaded into the
remaining wells. Once all samples were loaded, the set up was connected to the Power
Pack (Bio-Rad Laboratories, CA, USA), and electrophoresis was carried out at 110 volts
and a maximum of 400 mA for 15 minutes, followed by 150 volts and a maximum of 400
mA for another 40 minutes or until the bright pink dye of the sample buffer reaches the

bottom of the gel.

3.11.6 Protein transfer

Once separated by electrophoresis in the gel, the proteins were transferred from the gel
into a nitrocellulose membrane. A 2.0 pum nitrocellulose membrane and two blot
absorbent filter papers (Bio-Rad Laboratories, CA, USA) were cut approximately the
same size as the resolving gel and soaked in transfer buffer mixed with 20.0% (v/v)
methanol (Merck, Darmstadt, Germany) for small proteins (<100kDa) or 10% (v/v) for
large proteins (>100kDa), for 10 minutes. The gel from SDS-PAGE was obtained by
prying open and removing one of the glass plates. Before removing the resolving gel, the
stacking gel was cut and discarded from the glass plate. Then, the resolving gel was gently
lifted and transferred into a container with transfer buffer and methanol similar to the

membrane and filter papers for 10 minutes. On the platinum anode plate of Trans-Blot
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SD Semi-Dry Transfer Cell (Bio-Rad Laboratories, CA, USA), the gel sandwich was
prepared by placing the first filter paper, membrane, gel and the second filter paper, in
that order. As each layer was placed, a roller was used to push out any air bubble that has
formed from underneath. Once the sandwich of layers was set, the top stainless-steel
cathode was gently fixed, and the safety cover was placed on top of it. Then, the transfer
was run at 50 mA and 25 volts for every gel used for 90 minutes using MP-2AP Power
Supply (Major Science, Taiwan). After the completion of the transfer, the membrane was
removed and stained with 0.1% (w/v) Ponceau S (Sigma Aldrich, MO, USA) for 30
seconds to visualise the proteins on the membrane. Successful transfer of protein was
indicated by visibility of clear protein bands uniformly in each lane in the membrane. The
membrane was then washed twice with tris-buffered saline (TBS) for 5 minutes per each
wash to remove the stain while shaking on the Reciprocal Shaker MS-RC (Major Science,
Taiwan). Once clear of stains, the membrane was blocked with blocking buffer made of
5.0% (w/v) non-fat skim milk powder (Merck, Darmstadt, Germany), 0.05% (v/v) Tween
20 (Promega, WI, USA) in tris-buffered saline (TBS) for 1 h at room temperature while
shaking on the shaker. After blocking, the membrane was washed thrice using TBST,
made of TBS with 0.05% (v/v) Tween 20, for 5 minutes per each wash. The membrane
was incubated in 10.0 mL of solution containing primary antibody at appropriate dilution

(Table 3.10) for 1 h in room temperature on the shaker and overnight at 4.0°C.
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Table 3.10: Antibody dilution buffer composition

Antibody Dilution Buffer Dilution

E-cadherin (24E10) Rabbit ~ 5.0% w/v BSA in IXTBS with 0.1% Tween 20  1:5000
mAb
Vimentin (D21H3) Rabbit 5.0% w/v BSA in 1xTBS with 0.1% Tween 20  1:5000
mAb

N-acetyltransferase 1 5.0% w/v non-fat dry milk in IXTBS with 1:1000
(NATI1) (ab175088) Rabbit 0.1% Tween 20
pAb

GAPDH (14C10) Rabbit 5.0% w/v BSA in 1xTBS with 0.1% Tween 20  1:5000
mADb

Anti-rabbit IgG HRP-linked 5.0% w/v BSA in 1XTBS with 0.1% Tween 20  1:5000
Anti-biotin HRP-linked 5.0% w/v BSA in 1 xTBS with 0.1% Tween 20  1:5000

The next day, the membrane was washed thrice using TBST for 5 minutes per each
wash and incubated in 10.0 mL of solution containing secondary antibodies, which are
the anti-rabbit I[gG HRP-linked antibody (Cell Signaling Technology, USA) and anti-
biotin HRP-linked antibody (Cell Signaling Technology, USA) (Table 3.10), for 1 h.
Then, the membrane was washed thrice using TBST for 5 minutes per each wash and

placed in TBS until the next step.

3.11.7 Protein band visualisation

To visualise the bands of interest on the membrane, Western Bright Quantum
(Advansta, CA, USA) was used. This kit provides a substrate for the horseradish
peroxidase (HRP) enzyme conjugated to the secondary antibodies. The reaction results in
the release of chemiluminescence signal, which can be captured by an imaging system to
visualise the protein bands. The reagent from the kit was prepared according to
manufacturer’s protocol, and 1.0 mL of the reagent was added to the top of the membrane
in a container. After 2 minutes of incubation, the membrane was placed under a charged
couple device (CCD) camera and imaged using a chemiluminescent imaging system, the
Fusion FX7 system (Vilber Lourmat, France). The intensity of the visualised bands was

quantified using ImageJ v1.50i1 software (NIH, MD, USA). The relative expression of
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protein was calculated by normalising the intensity of the protein band to the intensity of

GAPDH band for each sample.

3.12  Transwell-invasion assay

After 48 h of transfection, MDA-MB-231 cells were serum starved for 24 h, and the
Matrigel (Corning, NY, USA) was thawed overnight at 4.0°C before the beginning of the
assay. On the first day of the assay, the Matrigel was diluted to achieve a concentration
of 1.5 mg/mL in cold dilution buffer. Each 24-well transwell insert (8.0 um pore size; BD
Biosciences, NJ, USA) was prepared with a coating of 20.0 pL of Matrigel (30.0 pg).
After ensuring even coating at the bottom, the inserts, together with the companion 24-
well plate, were incubated in the CO» incubator at 37.0°C for more than 2 h to facilitate
solidification of the Matrigel. Once the Matrigel had solidified, the serum-starved
transfected cells were harvested by trypsin and counted before being resuspended into
low-serum media (growth media supplemented with 0.1% serum). The concentration of
the cells was adjusted to 0.2x10° cells/mL. In the companion 24-well plates, each well
was filled with ImL of high-serum media (growth media supplemented with 20% FBS).
The inserts were gently placed into the well in the companion 24-well plates before being
incubated at 37.0°C for 24 h. Then, 500.0 pul of the cell suspension was seeded into the
upper chamber of the insert. After 24 h of incubation at 37.0°C, the non-invading cells
were removed by rinsing the inserts in PBS and wiping the inside of the inserts with a
cotton swab. To visualize the invading cells, the cells were fixed in 100% ethanol (Fisher
Scientific, MA, USA) for 2 minutes and stained with methylene blue (Sigma Aldrich,
MO, USA) solution (1.0% w/v in dH>0O) for 20 minutes. After staining, the inserts were
rinsed twice with distilled water. After the stained inserts had air dried, five random fields
in each insert were photographed using an inverted microscope at 100x magnification for
every replicate and the number of cells were counted using ImageJ v1.501 software for

analysis.
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3.13  Zebrafish care and maintenance

The handling of zebrafish (wild-type Danio rerio) for this experiment was in
accordance to the protocol approved by University of Malaya, Faculty of Medicine,
Institutional Animal Care and Use Committee (Ethics reference number: 2017-
181108/IBS/R/SM). The maintenance and care of zebrafish adults were in the Zebrafish
Laboratory, Department of Biomedical Science, Faculty of Medicine, University of
Malaya. The zebrafish was maintained in a ZebTEC zebrafish housing system
(Tecniplast, Italy) at regulated conductivity (500 uS), pH (7.0) and temperature (28.0°C).
The set up was maintained at 14 h:10 h light:dark cycle, and the zebrafish were fed with

Hikari dry food pellets twice and live Artemia salina (brine shrimp) once daily.

3.13.1 Zebrafish breeding

To obtain zebrafish embryos for metastasis assay, adult zebrafish were randomly
chosen for mating. Three female zebrafish and two male zebrafish were placed in a special
breeding tank with an overlay of marbles at the bottom before 4 pm. The zebrafish were
placed in the tank overnight to allow mating ritual which results in laying and fertilisation
of eggs at the onset of light the next day. The zebrafish were then returned to their
respective tanks based on their gender, and the eggs were harvested into a 200 mL beaker
and rinsed with system water thrice. The eggs were then gently collected from the beaker
using a Pasteur pipette into a 60 mmx>15 mm petri dish containing system water. After 2
h of incubation at 28.5°C, the collected embryos were examined under Leica EZ4
dissecting microscope (Leica Microsystems, Hesse, Germany) to identify and remove
dead or unviable embryos, which appear white instead of translucent. The viable embryos
were transferred into a petri dish containing system water with 0.1% (v/v) methylene blue
(Sigma Aldrich, USA). The next day, at 24 h post fertilisation (hpf), the embryos were

rinsed thrice with system water and placed into system water mixed with 75.0 uM N-
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phenylthiourea (PTU) (Sigma Aldrich, MO, USA) to suppress pigmentation. The

embryos were placed back in the incubator at 28.5°C for 24 h before microinjection.

3.14  Zebrafish metastasis assay
3.14.1 Cell preparation

MDA-MB-231 cells were transfected with either miR-6744-5p mimic or mimic
control in 6-well plates. After 24 h, the cells were labelled with 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbo-cyanine perchlorate (Dil) stain (Invitrogen, CA, USA) prior to
microinjection. The stain was prepared from a stock solution (20.0 mg/mL), which was
diluted in Dulbecco's phosphate-buffered saline (DPBS) with calcium and magnesium at
1:1000 dilution. The media used on the transfected cells was removed from the wells, and
the wells were rinsed with 1.0 mL PBS twice. Then, 2.0 mL of the stain solution was
added to each well and allowed to incubate at 37.0°C in the dark. After 30 minutes, the
stain solution was removed, and each well was rinsed with 1.0 mL of PBS twice before
adding fresh media. The cells were checked under an inverted fluorescence microscope
to ensure successful staining. The cells were incubated overnight in normal cell culture

condition.

3.14.2 Zebrafish embryo preparation

At 48 hpf, some of the zebrafish embryos naturally hatch out of the outer shell of the
embryo known as the chorion. These zebrafish were picked up and transferred into a new
petri dish using a Pasteur pipette. The remaining zebrafish were liberated from the chorion
by the use of sharp microsurgical forceps (Watchmaker #5) (Samco, UK). Forceps were
used to hold down and gently make a tear in the chorion, allowing the zebrafish to squeeze
out of the shell. The collected zebrafish were rinsed thrice with system water to remove

traces of broken chorions and transferred to fresh system water with PTU.
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3.14.3 Microinjection

The labelled MDA-MB-231 cells were harvested using trypsin and counted. The cells
were then resuspended in culture media with 1.0% FBS without antibiotics at a
concentration of 4.0x10° cells/mL. The cells were kept in the dark and on ice until they
were ready for microinjection. The 48 hpf zebrafish were first anaesthetised by
transferring them into 2 mL of 10.0% benzocaine (Sigma Aldrich, USA) in system water
for 2 minutes. When the zebrafish no longer displayed movement after two minutes, they
were picked up and placed onto 1.0% (w/v) agarose gel plate. Using a microloader
(Eppendorf, Hamburg, Germany), 10.0 pL of the cell suspension that was thoroughly
mixed was loaded into a 20 um TransferTip (Eppendorf, Hamburg, Germany) attached
to a FemtoJet Microinjector (Eppendorf, Hamburg, Germany). By monitoring using a
stereo microscope (Leica Microsystems, Hesse, Germany), the InjectMan NI 2
Micromanipulator (Eppendorf, Hamburg, Germany) was used to inject the cell
suspension into the yolk sac region of the zebrafish with constant injection pressure (P;)
(120 hpa), compensation pressure (Pc) (30 hpa) and injection time (ti) (0.3 seconds). The
instrument settings were set to inject approximately 200 cells per injection into each
embryo. The zebrafish were rinsed with system water and placed back into appropriately
labelled petri dish containing fresh system water with PTU. The petri dish was covered

with aluminium foil and incubated at 33.0°C for 48 h.

3.14.4 Zebrafish serial imaging

The 48 hpi zebrafish were euthanised in 10.0% benzocaine (Sigma Aldrich, MO, USA)
and mounted onto a glass slide with VECTASHIELD (Vector Laboratories, CA, USA).
The mount was secured by placing a cover slip (Marienfeld-Superior, Baden-
Wurttemberg, Germany) on top of the specimen. The edges of the cover slip were covered
with nail polish and the slide was allowed to dry in the dark. Serial sections of the

zebrafish were imaged using Leica TCS SP5 II confocal microscope (Leica
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Microsystems, Hesse, Germany) to visualise the dissemination of Dil-stained MDA-MB-
231 cells from the yolk into the body at 5x magnification (excitation: 543nm; emission:
550-640nm). Percentage of metastatic MDA-MB-231 cells (outside the yolk) was
obtained by measuring fluorescence in the z-stack images using ‘analyse particle’

function in ImagelJ v1.501 software.

3.15  Target prediction analysis for miRNA

TargetscanHuman v7.1 online software (http://www.targetscan.org) (Agarwal et al.,
2015) was used to determine predicted target proteins of miR-6744-5p using default
parameters. The list of predicted targets was generated and used for gene-annotation
enrichment using DAVID Functional Annotation Tool

(https://david.nciferf.gov/home.jsp) (Huang et al., 2009). The UniProtKB Keywords

database was used in DAVID software to obtain major association clusters containing the
predicted target genes. To obtain the hypothetical signalling pathways regulated by the

miRNA, KEGG pathway database was used in DAVID software.

3.16  Vector design

For luciferase assay, pmirGLO Dual-Luciferase miRNA Target Vectors (Promega,
WI, USA) containing miR-6744-5p wild-type and mutated predicted target site in NAT1
3’UTR were prepared. Firstly, DNA fragments of wild-type and mutated NAT1 3’UTR
were synthesised by a vendor, First BASE Laboratories Sdn. Bhd., Malaysia. Both
fragments were 149 base pairs (bp) in length and contained Pmel restriction site at 5* end
and Xbal restriction site at 3’ end. The mutated fragment contained scrambled sequence
at the predicted target site. These fragments were then cloned into the pmirGLO Dual-
Luciferase miRNA Target Expression Vector, and the constructs, wild-type and mutated,

were sequence verified by the same service provider.
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3.17  Dual Luciferase Reporter Assay

Dual Luciferase Reporter Assay System (Promega, WI, USA) was used to validate
miR-6744-5p targeting of NAT1 3°UTR. MCF-7 cells were harvested, and 0.3x10° cells
were plated in a well in 6-well plate with 2.0 mL of complete growth medium. After 24
h, the cells were transfected with either miRNA mimic or mimic negative control
according to the established protocol. Additionally, each transfection group was co-
transfected with 50.0 ng of either the wild-type or mutated construct by adding the
construct into the transfection tube after the addition of the transfection reagent and prior
to the 15 minutes incubation at room temperature. After 48 h of co-transfection,
normalised luciferase activity was measured according to manufacturer’s protocol using
Dual-Luciferase Reporter Assay System. Firstly, Dual-Glo Luciferase Buffer and Dual-
Glo Luciferase Substrate were mixed to produce the Dual-Glo Luciferase Reagent for the
assay. Meanwhile, transfected cells were harvested using trypsin and centrifuged to
produce a cell pellet in a microcentrifuge tube. The supernatant was discarded, and the
pellet was resuspended in 100 pL of PBS. Then, 100.0 pL. of Dual-Glo Luciferase
Reagent was mixed to the cell suspension and the mixture was incubated at room
temperature in the dark. After 10 minutes, the firefly luminescence was measured using
Glomax Multi - Luminescence Multimode and recorded. Immediately after the
measurement, 50.0 pL. of Dual-Glo Stop & Glo Reagent was added to the mixture and
mixed well. The sample was incubated for an additional 10 minutes in the dark before the
Renilla luminescence was measured and recorded. This measurement acts as the internal
control as it is constitutively expressed by the transfected cells. To obtain the luciferase
activity, the ratio of firefly luciferase reporter to Renilla luciferase reporter was calculated

and normalised to the control samples.
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3.18  Statistical significance

Statistical analysis was calculated using paired Student’s t-test to determine p-value,
where p<0.05 was considered significant, and experiments were carried out with three
independent replicates unless otherwise stated. For miRNA microarray, one-way
between-subject ANOV A was carried out, with ANOVA p-value <0.05 considered to be

significant.
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CHAPTER 4: RESULTS

4.1 A stable anoikis-resistant variant of the luminal A type breast cancer cell
line MCF-7 was generated

4.1.1 MCF-7-AR6 sub-cell line was generated from MCF-7

To elucidate miRNAs regulating anoikis in breast cancer, an anoikis-resistant variant
of the MCF-7 cell line, MCF-7-AR6, was generated. MCF-7 cells were detached from
normal tissue culture flask using trypsin before being suspended in a well in ULA 6-well
plate. After 72 h in suspension, aggregates of tumourspheres were visible compared to
when the cells were transferred to the ULA plate at O h (Figure 4.1). The cells were
transferred to a normal tissue culture plate to allow the surviving cells to grow, before the

process was repeated for a total of six cycles to establish MCF-7-AR6.

Figure 4.1: Appearance of MCF-7 in anchorage-independent condition. Representative
images of MCF-7 when transferred to the ULA plate at 0 h and at 72 h post-seeding.
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4.1.2 MCF-7-AR6 shows higher resistance to anoikis and increased migration
ability compared to MCF-7

MCF-7-AR6 was compared to the parental MCF-7 cell line, and MCF-7-AR6 was
found to be more resistant to anoikis (Figure 4.2). To determine anoikis resistance, anoikis
was induced by subjecting the cells to suspension before carrying out viability and
caspase-3/7 activity assay. Viability assay measured surviving population after 48 h in
suspension while caspase-3/7 activity assay measured the early apoptotic event of
caspase-3/7 activation after 24 h in suspension. MCF-7-AR6 showed significantly higher
viability (145.1+6.3% compared to MCF-7) and lower caspase-3/7 activity (63.8+8.3%
compared to MCF-7). Furthermore, MCF-7-AR6 also showed increased migration in

wound healing assay (32.2+8.0% area recovered compared to 15.4+5.9% in MCF-7).

4.2 Elucidation of miRNAs dysregulated during acquisition of anoikis resistance
in MCF-7
4.2.1 A list of 22 miRNAs was identified to be upregulated and downregulated in
MCF-7-AR6
Next, miRNA microarray was performed to determine the changes in the miRNA
expression in MCF-7-AR6 due to the acquisition of higher anoikis resistance. A total of
22 miRNAs were found to be differentially expressed with a fold change of >2.5 or <-2.5
(Figure 4.3). Out of these, 15 miRNAs were upregulated, and 7 miRNAs were

downregulated (Table 4.1).
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Figure 4.2: Comparison of MCF-7-AR6 to MCF-7. Comparative analysis was done by
measuring (A) viability after 48 h in suspension and (B) caspase-3/7 activity of MCF-7
and MCF-7-ARG6 after 24 h in suspension. (C) Representative images of wound healing
assay and (D) scratch area recovery of MCF-7 and MCF-7-AR6 after 24 h. Data are
presented as meantstandard deviation (SD), and statistically significant differences
compared to MCF-7 as the control are denoted by (**) for p<0.01 or (***) for p<0.001.
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Figure 4.3: miRNA microarray comparison of MCF-7-AR6 to MCF-7. Hierarchical
cluster heat map of miRNAs that were differentially expressed in MCF-7-AR6 when
compared to MCF-7. Red and green spectrum is used to represent signal strength, with
red denoting high and green denoting low signal. Affymetrix Transcriptome Analysis
Console v3.0 was used to analyse the results using one-way between-subject ANOVA,
with ANOVA p-value <0.05, and fold change >2.5 or <-2.5.
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Table 4.1: Summary of miRNA microarray results

miRNA Fold-change ANOVA p-value
miR-6744-5p -5.97 0.012
miR-2861 -3.04 0.039
miR-6744-3p -2.96 0.017
miR-1290 -2.88 0.048
miR-6726-5p -2.81 0.019
miR-100-5p -2.67 0.012
miR-3180 -2.58 0.041
miR-455-3p 2.54 0.036
miR-1226-3p 2.54 0.045
miR-7110-5p 2.54 0.045
miR-3620-3p 2.8 0.012
miR-1247-5p 3.06 0.044
miR-489-3p 3.28 0.006
miR-181c-5p 3.75 0.011
miR-3614-5p 3.86 0.026
miR-935 4.05 0.002
let-7e-3p 4.16 0.012
miR-181b-5p 4.36 0.001
miR-27b-5p 4.49 0.029
miR-181a-5p 591 0.001
miR-615-3p 7.33 0.016
miR-181a-3p 19.6 0.000

Differential expression of miRNAs in MCF-7-AR6 compared to MCF-7 presented as
fold-change for miRNAs with ANOVA p-value <0.05. Positive fold-change denotes
upregulation while negative fold-change denotes downregulation.

4.2.2 miR-935 and miR-6744-5p were quantitatively confirmed to be
downregulated and upregulated in MCF-7-AR6 respectively using RT-
qPCR.

From the list of dysregulated miRNAs, a miRNA upregulated in MCF-7-AR6, miR-
935, and a miRNA downregulated in MCF-7-AR6, miR-6744-5p, were chosen for further
analysis owing to their possible novel role in regulating anoikis. To provide quantitative
validation for the change in expression seen during microarray, RT-qPCR was performed.
The results of RT-qPCR were consistent with the microarray findings, confirming the

upregulation of miR-935 and downregulation of miR-6744-5p (Figure 4.4).
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Figure 4.4: RT-qgPCR wvalidation of miR-935 and miR-6744-5p dysregulation.
Differential expression in MCF-7-AR6 shown by miRNA microarray of the selected
miRNAs, (A) miR-935 and (B) miR-6744-5p, was validated with RT-qPCR. Data are
presented as mean+SD, and statistically significant differences compared to MCF-7 as
the control are denoted by (*) for p<0.05, (**) for p<0.01 or (***) for p<0.001.
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4.3 Overexpression and knockdown of miR-935 and miR-6744-5p was
effectively demonstrated using mimics and inhibitor

The overexpression and knockdown studies of the selected miRNAs were carried out
using transfection with miRIDIAN miRNA mimics and miRIDIAN miRNA inhibitors.
Before proceeding into functional analysis of miR-935 and miR-6744-5p, the
effectiveness of the transfection method was confirmed by measuring miRNA fold
change upon transfection using RT-qPCR. The transfections were performed on two
different breast cancer cell lines, which are the luminal A type MCF-7 and the triple-
negative type MDA-MB-231. While MCF-7 is a non-invasive breast cancer cell line that
expresses E-cadherin, MDA-MB-231 is invasive and does not express E-cadherin,
exhibiting mesenchymal-like traits (Nagaraja et al., 2006). The results showed that the
desired change in expression was achieved in both cell lines after transfection with

miRNA mimics and inhibitors for miR-935 and miR-6744-5p (Figure 4.5).

4.4 miR-935 and miR-6744-5p do not affect proliferation of MCF-7 and MDA-
MB-231 in adherent condition

Before analysing the effects of miR-935 and miR-6744-5p in regulating anoikis in

MCF-7 and MDA-MB-231, the ability of these miRNAs to affect cell proliferation was

tested in normal adherent culture condition. Based on proliferation assay, it was found

that the overexpression and knockdown of miR-935 and miR-6744-5p did not have a

significant effect on the proliferation of MCF-7 (Figure 4.6) and MDA-MB-231 cells

(Figure 4.7).
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Figure 4.5: Overexpression and knockdown of miR-935 and miR-6744-5p in MCF-7 and
MDA-MB-231. Measurement for (A) overexpression (mimic) and (B) knockdown
(inhibitor) of the selected miRNAs, miR-935 and miR-6744-5p, using RT-qPCR. The
expression of the miRNAs was calculated using AACq method with RNU6B as the
reference gene. Data are presented as mean+SD, and statistically significant differences
compared to mimic and inhibitor controls are denoted by (*) for p<0.05 or (**) for
p<0.01.

4.5 miR-935 does not regulate anoikis in MCF-7 and MDA-MB-231

Since miR-935 was found to be upregulated in MCF-7-AR®6, it was hypothesised that
miR-935 played an oncogenic role by inhibiting anoikis in breast cancer cells. To test
this, overexpression and knockdown of miR-935 was done using miR-935 mimic and

inhibitor respectively in MCF-7 (Figure 4.8) and MDA-MB-231 (Figure 4.9).
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Overexpression and knockdown of miR-935 did not have any significant effects in the
induction of anoikis or the migration ability of MCF-7. Similarly, no significant changes
were observed in MDA-MB-231, suggesting that miR-935 does not play a role in

regulating anoikis.

Figure 4.6: Proliferation assay of transfected MCF-7. The proliferation of MCF-7 cells
with overexpression (mimic) and knockdown (inhibitor) of miR-935 and miR-6744-5p
was measured over 5 days and compared to mimic and inhibitor controls.

Figure 4.7: Proliferation assay of transfected MDA-MB-231. The proliferation of MDA-
MB-231 cells with overexpression (mimic) and knockdown (inhibitor) of miR-935 and
miR-6744-5p was measured over 5 days compared to mimic and inhibitor controls.
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Figure 4.8: Overexpression and knockdown of miR-935 in MCF-7. Comparative
analysis of overexpression (mimic) and knockdown (inhibitor) of miR-935 was done by
measuring (A) viability after 48 h in suspension and (B) caspase-3/7 activity after 24 h
in suspension and comparing to mimic and inhibitor controls. (C) Representative images
for wound healing assay and (D) scratch area recovery of transfected MCF-7 after 24 h.
Data are presented as mean+SD.
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Figure 4.9: Overexpression and knockdown of miR-935 in MDA-MB-231. Comparative
analysis of overexpression (mimic) and knockdown (inhibitor) of miR-935 was done by
measuring (A) viability after 48 h in suspension and (B) caspase-3/7 activity after 24 h in
suspension and comparing to mimic and inhibitor controls. (C) Representative images for
wound healing assay and (D) scratch area recovery of transfected MDA-MB-231 after 24
h. Data are presented as mean+SD.
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4.6 miR-6744-5p regulates anoikis sensitivity in MCF-7

miR-6744-5p was downregulated in MCF-7-AR6. As such, it was hypothesised that
miR-6744-5p played a tumour suppressive role by promoting anoikis in breast cancer. To
test this hypothesis, overexpression and knockdown of miR-6744-5p was carried out in

MCF-7 cell line.

4.6.1 Overexpression of miR-6744-5p increases anoikis while its knockdown
decreases anoikis

Upon transfection with miR-6744-5p mimic and inhibitor, the transfected MCF-7 cells
were exposed to anchorage-independent condition to induce anoikis. Based on viability
assay and caspase-3/7 activity assay, it was confirmed that overexpression of miR-6744-
5p increased anoikis in MCF-7 (Figure 4.10), which showed lower amount of surviving
cells (81.2+5.0% compared to control) and higher caspase-3/7 activity (200.5+£2.1%
compared to control). Meanwhile, the knockdown of miR-6744-5p decreased anoikis in
MCF-7, which showed higher amount of surviving cells (144.6+12.0% compared to

control) and lower caspase-3/7 activity (64.8+6.6% compared to control).

4.6.2 Overexpression of miR-6744-5p inhibits migration while its knockdown
increases migration

To test the effects of miR-6744-5p on MCF-7’s migration ability, wound healing assay

was carried out with transfected cells. Corresponding to the results seen for anoikis

sensitivity (Figure 4.11), overexpression of miR-6744-5p in wound healing assay showed

lower recovery at 24 h (14.9+1.5% compared to 21.1+1.5% in control) while knockdown

showed higher recovery at 24 h (40.4+3.7% compared to 28.6+0.5% in control).
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Figure 4.10: Anoikis during overexpression and knockdown of miR-6744-5p in MCF-7.
Comparative analysis of overexpression (mimic) and knockdown (inhibitor) of miR-
6744-5p was done by measuring (A) viability after 48 h in suspension and (B) caspase-
3/7 activity after 24 h in suspension. Data are presented as mean+SD, and statistically
significant differences compared to mimic and inhibitor controls are denoted by (*) for
p<0.05, (**) for p<0.01 or (***) for p<0.001.
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Figure 4.11: Overexpression and knockdown of miR-6744-5p for wound healing assay
in MCF-7. Representative images of wound healing assay for (A) miR-6744-5p
overexpression (mimic) and (B) knockdown (inhibitor). (C) Comparison of scratch area
recovery of transfected MCF-7 after 24 h. Data are presented as mean+SD, and
statistically significant differences compared to mimic and inhibitor controls are denoted
by (*) for p<0.05 or (***) for p<0.001.
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4.6.3 miR-6744-5p regulates the expression of E-cadherin

E-cadherin is an important cell surface receptor that ensures activation of anoikis in
the event of cellular detachment. As such, since miR-6744-5p promotes anoikis and
reduces migration, western blot was carried out to compare the expression of E-cadherin
during the overexpression and knockdown studies (Figure 4.12). From the analysis of
western blot using total proteins from transfected cells, E-cadherin was found to have
increased expression during miR-6744-5p overexpression (153.5+13.9% compared to
control) and decreased expression during miR-6744-5p knockdown (55.4+7.1%
compared to control). This shows the role of miR-6744-5p in promoting anoikis in MCF-

7 takes places through the regulation of E-cadherin expression.

4.7 miR-6744-5p regulates anoikis in MDA-MB-231
Considering the effects of miR-6744-5p in MCF-7, its capability to promote anoikis

in another type of breast cancer was determined. For this purpose, overexpression and

knockdown of miR-6744-5p was done in MDA-MB-231 cell line.

4.7.1 Overexpression of miR-6744-5p promotes anoikis

MDA-MB-231 cells were transfected with miR-6744-5p mimic and inhibitor before
anoikis was induced. Viability and caspase-3/7 activity assays showed that
overexpression of miR-6744-5p significantly decreased surviving population of cells
(64.7+6.2% compared to control) and increased caspase-3/7 activation (163.5+19.9%
compared to control). However, unlike seen in MCF-7, the knockdown of miR-6744-5p

did not show any phenotypic effects (Figure 4.13).
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Figure 4.12: Expression of E-cadherin during overexpression and knockdown of miR-
6744-5p in MCF-7. Western blot images of (A) E-cadherin and (B) GAPDH during
overexpression (mimic) and knockdown (inhibitor) of miR-6744-5p. (C) Relative protein
expression of E-cadherin was calculated from band intensity and normalised to the
internal control, GAPDH. Data are presented as mean+SD, and statistically significant

differences compared to mimic and inhibitor controls are denoted by (*) for p<0.05 or
(**) for p<0.01.

68



Figure 4.13: Anoikis during overexpression and knockdown of miR-6744-5p in MDA-
MB-231. Comparative analysis of overexpression (mimic) and knockdown (inhibitor) of
miR-6744-5p was done by measuring (A) viability after 48 h in suspension and (B)
caspase-3/7 activity in MDA-MB-231 after 24 h in suspension. Data are presented as
mean+SD, and statistically significant differences compared to mimic and inhibitor
controls are denoted by (*) for p<0.05 or (**) for p<0.01.

4.7.2  Overexpression of miR-6744-5p inhibits migration

Consistent with the findings for anoikis regulation, overexpression of miR-6744-5p in
MDA-MB-231 inhibited migration during wound healing assay, with lower recovery at
24 h (15.1+4.2% compared to 26.1+7.4% in control). The knockdown of miR-6744-5p

did not have any significant effects (Figure 4.14).

69



Figure 4.14: Overexpression and knockdown of miR-6744-5p for wound healing assay
in MDA-MB-231. Representative images of wound healing assay for (A) overexpression
(mimic) and (B) knockdown (inhibitor) of miR-6744-5p. (C) Comparison of scratch area
recovery of transfected MDA-MB-231 after 24 h. Data are presented as mean+SD, and
statistically significant differences compared to mimic and inhibitor controls are denoted
by (**) for p<0.05.
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4.7.3 miR-6744-5p induces morphological changes without the re-expression of E-
cadherin.

During the overexpression of miR-6744-5p, morphological changes were observed in
MDA-MB-231 cells. The cells began to shift from expressing spindle-like protruding
edges to becoming more rounded (Figure 4.15). Further analysis through western blot
showed that MDA-MB-231 did not re-express the epithelial marker E-cadherin or show
significant changes in the expression of the mesenchymal marker vimentin during the
overexpression of miR-6744-5p, suggesting that the change was not due to reversal of

EMT (Figure 4.16).

Figure 4.15: Morphological changes in transfected MDA-MB-231. Image of transfected
MDA-MB-231 cells overexpressing miR-6744-5p (mimic) with rounded edges compared
to the cells transfected with mimic control with protruding spindle-like edges.
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Figure 4.16: miR-6744-5p does not induce MET. Western blot images of (A) E-cadherin,
(B) vimentin and (C) GAPDH during overexpression of miR-6744-5p (mimic) compared
to mimic control. (D) Relative protein expression of vimentin was calculated from band
intensity and normalised to the internal control, GAPDH.

4.6.4 miR-6744-5p impedes invasiveness

The overexpression of miR-6744-5p increased anoikis while the knockdown did not
have any effects in MDA-MB-231. As such, since MDA-MB-231 is an invasive cell line,
overexpression of miR-6744-5p was carried out to test its ability to restrict invasion using
transwell invasion assay, as an in vitro model (Figure 4.17), and zebrafish metastasis
assay, as an in vivo model (Figure 4.18). Both experiments showed that overexpression
of miR-6744-5p significantly inhibited invasion. In transwell invasion assay, reduced
number of invaded cells was observed (57.3+£31.9 compared to 151£34.7 in control).
Meanwhile in zebrafish metastasis model, lower percentage of cells was observed to have
metastasised out of the original injection site at the zebrafish yolk (22.2+18.3% compared

to 41.0+£14.6% in control).
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Figure 4.17: miR-6744-5p impedes invasiveness of MDA-MB-231 in vitro. (A) Relative
number of MDA-MB-231 cells overexpressing miR-6744-5p (mimic) that invaded the
Matrigel in transwell invasion assay and (B) representative images of the invading MDA-
MB-231 cells overexpressing miR-6744-5p (mimic) compared to mimic control. Data are
presented as mean+SD, and statistically significant difference compared to mimic control
is denoted by (***) for p<0.001.
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Figure 4.18: miR-6744-5p impedes invasiveness of MDA-MB-231 in vivo. (A) Incidence
of metastasis in zebrafish model measured by percentage of Dil (red) stained MDA-MB-
231 cells, transfected with mimic control (n=10) or miR-6744-5p mimic (n=12), that have
metastasized out of the yolk to the rest of the body and tail and (B) representative images
of the zebrafish metastasis model at 48 hpi (arrows indicate red-stained MDA-MB-231
cells transfected with mimic control or miR-6744-5p mimic). Data are presented as
mean+SD, and statistically significant difference compared to mimic control is denoted
by (**) for p<0.01.
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4.8 NAT1 protein is confirmed to be the target of miR-6744-5p.
4.8.1 miR-6744-5p is predicted to bind to NAT1 3’°UTR

To illuminate how miR-6744-5p carries out its anoikis-promoting effects, in silico
analysis was done using publicly available online software for miRNA target prediction

and pathway analysis, which are TargetscanHuman v7.1, DAVID Functional Annotation

Tool 6.8 and KEGG PATHWAY database (Huang et al., 2009; Agarwal et al., 2015).

Firstly, TargetscanHuman was used to obtain a list of predicted targets for miR-6744-
5p. The threshold for the context++ score, a score for the algorithm used for miRNA
target prediction, was set at -0.04. Based on the criteria, 99 genes were found to be
possible target of miR-6744-5p. Next, gene-annotation enrichment was carried out with
the list of predicted target genes using DAVID Functional Annotation Tool to elucidate
major cellular processes and signalling pathways associated with the genes. From the
analysis, five major clusters of association among the target genes were identified, which
are cell signalling, nucleus and transcription, miRNA processing, cell membrane and
glycoprotein (Table 4.2). Meanwhile, the signalling pathways associated with the target

genes were shown to primarily control proliferation and apoptosis (Figure 4.19).

These target genes, however, have not been experimentally validated to be miR-6744-
5p’s target genes. As such, since most of these targets are likely to be false positives, a
literature review was conducted on published studies to identify genes with known role
in anoikis regulation in breast cancer. This led to the discovery of similar in vitro results
in studies on overexpression and knockdown of the NATI1 enzyme (Wakefield et al.,
2008; Tiang et al., 2010; Tiang et al., 2011). NATI1 is a predicted target of miR-6744-5p
with a context++ score of -0.66 and an 8mer binding site on position 30 to 37 on its
3’UTR. As an enzyme that metabolises xenobiotics, NATI transfers acetyl group to its

substrates such as arylamine and hydrazine. Based on KEGG PATHWAY database
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analysis, NATI1 is also involved in chemical carcinogenesis through the formation of
DNA adducts. Thus, from literature review and in silico predicted interaction, NAT1 was

chosen for validation steps.

Table 4.2: Functional annotation clustering of miR-6744-5p target genes

Annotation cluster Enrichment score Target genes
Cell signalling 1.3 18
Nucleus and transcription 0.63 33
miRNA processing 0.49 5
Cell membrane 0.15 35
Glycoprotein 0.08 23

Predicted target genes of miR-6744-5p were grouped based on their respective functions
and association using DAVID Functional Annotation Tool. The higher the score, the more
enriched is the cluster. Each cluster may contain overlapping genes.

4.8.2 miR-6744-5p directly binds to NAT1 3°UTR

To validate NAT1 targeting by miR-6744-5p, fragments of 3’UTR of NATI gene
containing the wild-type sequence and the mutated sequence of the predicted target site
were synthesised with Pmel and Xbal restriction sites. These fragments were then cloned
into pmirGLO Dual-Luciferase miRNA Target Expression Vector, which was confirmed
by the sequencing results (Figure 4.20). The luciferase assay in MCF-7 showed the
overexpression of miR-6744-5p significantly reduced luciferase activity in cells co-
transfected with vector containing wild-type NAT1 3’UTR, whereas no significant
difference was observed with vector containing mutated NAT1 3’UTR (Figure 4.21). As
such, the luciferase assay provided confirmation for the interaction between miR-6744-

Sp and NAT1 3’UTR.
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Figure 4.19: Hypothetical network of major pathways regulated by miR-6744-5p’s
predicted target proteins. A visual representation for the role of miR-6744-5p predicted
target genes (highlighted in red) in regulating apoptosis and proliferation through direct
and indirect interactions based on DAVID Functional Annotation Tool and KEGG
PATHWAY database.
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Figure 4.20: Sequencing of pmirGLO construct. (A) Insert sequence of NAT1 wild-type
3> UTR with predicted target site containing base complementarity (highlighted in
yellow) with miR-6744-5p and NATI1 mutated 3° UTR. Confirmation of successful
insertion of inserts containing (B) NAT1 wild-type 3’UTR and (C) mutated 3’UTR into
the pmirGLO vector at position 7306 (highlighted in green) provided by sequencing
results.
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Figure 4.21: Luciferase assay validation of miR-6744-5p and NAT1 3°’UTR binding in
MCEF-7. Relative luciferase activity, normalized to Renilla luciferase activity, was
measured in MCF-7 cells transfected with wild type or mutated pmirGLO construct after
co-transfection with mimic control or miR-6744-5p mimic. Data are presented as

mean+SD, and statistically significant difference compared to mimic control is denoted
by (**) for p<0.01.

4.8.3 miR-6744-5p overexpression downregulates NAT1 protein level

To confirm downregulation of NAT1 by miR-6744-5p, the expression of NATI
protein during overexpression and knockdown of miR-6744-5p was evaluated in MCF-7
(Figure 4.22). Firstly, western blot showed that when miR-6744-5p was overexpressed,
NAT1 expression was reduced (59.3£19.8% compared to control). On the other hand,
during knockdown of miR-6744-5p, NATI expression was increased (140.7+13.9%
compared to control). Additionally, overexpression of miR-6744-5p was also shown to
decrease the expression of NAT1 in MDA-MB-231 (Figure 4.23), although the overall
expression of NAT1 was very low compared to MCF-7 and required overexposure for

band visibility.
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Figure 4.22: Expression of NAT1 during overexpression and knockdown of miR-6744-
5p in MCF-7. Western blot images of (A) NAT1 and (B) GAPDH during overexpression
(mimic) and knockdown (inhibitor) of miR-6744-5p in MCF-7. (C) Relative protein
expression of NAT1 was calculated from band intensity and normalised to the internal
control, GAPDH. Data are presented as mean+SD, and statistically significant differences
compared to mimic and inhibitor controls are denoted by (*) for p<0.05.
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Figure 4.23: Expression of NAT1 during overexpression and knockdown of miR-6744-
5p in MDA-MB-231. Western blot images of (A) NATI1 and (B) GAPDH during
overexpression (mimic) of miR-6744-5p in MDA-MB-231. (C) Relative protein
expression of NAT1 was calculated from band intensity and normalised to the internal
control, GAPDH. Data are presented as mean+SD, and statistically significant difference
compared to mimic control is denoted by (**) for p<0.01.
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CHAPTER 5: DISCUSSION

In the attempt to reveal novel roles of miRNA in cancer, this study on miRNAs
regulating anoikis resistance in breast cancer was carried out. miRNAs have gained
immense attention recently, with research findings harbouring far-ranging implications
on various areas within the biotechnology field. Meanwhile, unlike other cellular events
that receive prominent attention in cancer research, anoikis remains relatively overlooked.
Acquisition of anoikis resistance in cancer cells is often accompanied by EMT and
subsequently metastasis, making anoikis an early barrier for cancer cells to break to

become more invasive.

The study was initiated by using MCF-7, a luminal A type breast cancer cell line, to
generate a stable anoikis resistant sub-cell line (MCF-7-AR6). Through repeated cycles
of exposure to anchorage-independent state and normal adherent condition, a stable
anoikis resistant sub-cell line, MCF-7-AR6, was generated. The extended exposure to
suspension for 72 h ensures that only cells that are highly resistant to anoikis survive
while repeating the cycle multiple times increases the chances to obtain cells that are
stably resistant to anoikis for a long term. Subjecting cancer cells to additional stringent
growth conditions and studying the resulting molecular changes in genetic expression
sheds light on how cancer cells often adapt to variable microenvironment in the human
body during tumourigenesis. As such, this strategy has allowed the identification of how

miRNA expression is manipulated to achieve anoikis resistance.

To confirm that MCF-7-AR6 is more resistant to anoikis compared to the parental
MCEF-7 cell line, viability assay, caspase-3/7 activity assay and wound healing assay were
carried out. Viability assay was done after 48 h in suspension to induce anoikis by
comparing the amount of surviving cells. This assay was done using CellTiter-Glo

Luminescent Cell Viability Assay kit which approximates the amount of living cells by
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producing a luminescent signal proportional to adenosine triphosphate (ATP) in the

sample.

On the other hand, caspase-3/7 activity assay was carried out after 24 h in suspension
to compare the onset of apoptosis, as the activation of caspase-3/7 is an early event in
apoptosis. For this assay, Caspase-Glo3/7 Assay kit was used. The reagent used in this
assay contains the substrate for caspase-3/7, which is then broken down to release
luminescence, directly correlated to the amount of active caspase-3/7 that are present in
each sample. In MCF-7, this kit measures only the activity of capase-7 as this cell line

does not express caspase-3.

Thirdly, wound healing assay was also carried to compare migration ability between
the two groups. Although this assay is not directly relevant to cancer cell viability and
death, migration ability requires the reorganisation of the cytoskeleton and integrin
dynamics, serving as a quick and effective model to study cell-cell and cell-ECM
interactions (Rodriguez et al., 2005; Vicente-Manzanares et al., 2009). Additionally, the
assay is carried out using low serum media to rule out the effects of proliferation on
wound recovery. Through these three assays, MCF-7-AR6 was confirmed to be more

resistant to anoikis compared to the parental MCF-7.

The next step was to analyse the change in miRNA expression that occurred during
the acquisition of anoikis resistance in MCF-7. By comparing MCF-7-AR6 to MCF-7
using miRNA microarray, a list of miRNAs with possible roles in anoikis regulation was
identified. The change in expression level, when compared to the parental cell line, may
be due to active roles played by the miRNAs in regulating survival in anchorage-
independent growth. For example, as MCF-7-AR6 is more resistant to anoikis, it can be
hypothesised that miRNAs that are upregulated inhibit anoikis, and miRNAs that are

downregulated promote anoikis. Additionally, the findings from the miRNA microarray
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also need to be quantitatively validated first using RT-qPCR before the dysregulation and

role of the miRNAs can be confirmed through in vitro analysis.

A cursory literature review revealed that many of the miRNAs in the list with high
fold change have been well established to regulate various oncogenic phenotypes across
different cancer types. Among the top upregulated miRNAs are the members of the miR-
181 family, miR-181a-3p, miR-181a-5p and miR-181b-5p. As mentioned in Chapter 2,
members of this family have been prominently studied for their various roles in both
promoting and suppressing tumourigenesis. The high fold change of these miRNAs is
unsurprising as they are functionally similar in inhibiting anoikis and are also expressed
together as clusters (Servin-Gonzalez et al., 2015). The mechanism of how these miRNAs
regulate anoikis is explained in Chapter 2.3.4.2, which has been validated in breast cancer.

As such, miR-181a-3p was not chosen for further analysis.

Another miRNA that was upregulated in MCF-7-AR6 is miR-615-3p. Although there
are no studies of miR-615 in breast cancer, studies on gastric and non-small cell lung
cancer (NSCLC) have revealed a dual role for miR-615-3p. Firstly, miR-615-3p was
shown to be oncogenic in a study conducted on gastric cancer patients (Wang et al., 2018).
The overexpression of miR-615-3p and reduced expression of its target gene, the RNA-
binding protein CELF2, were revealed through microarray on gastric cancer tissues.
Further analysis showed that the high expression of miR-615-3p correlated with the
advanced stages of gastric cancer, and its ectopic expression led to increased survival,
proliferation and invasion of gastric cancer cells. On the other hand, a study carried out
in NSCLC found miR-615 to have an opposing tumour suppressive role (Pu et al., 2017).
Unlike the study on gastric cancer, a microarray on NCSLC patient samples found miR-

615-3p to be downregulated. Furthermore, overexpression and knockdown studies

84



showed miR-615-3p suppressed various oncogenic phenotypes in breast cancer cell lines

including anoikis resistance.

Similar to many miRNAs in cancer, miR-27b-5p has been associated with conflicting
roles in different cancer types. Notably, miR-27b-5p has shown both oncogenic and
tumour suppressive roles within the same cancer type. In a study using mice model to
determine the clinical significance of miR-27b-5p expression in breast cancer, the authors
found that suppression of this miRNA resulted in tumour regression and increased
expression of the receptor Nischarin (Jin et al., 2013). Furthermore, in vitro analysis of
miR-27b-5p also provided evidence for its role in inhibiting anoikis to promote survival
in anchorage-independent condition. The authors supported their findings with data from
breast cancer patients which showed the high expression of miR-27b-5p and low
expression of Nischarin was correlated with shorter recurrence-free survival. While this
study positively identified miR-27b-5p to be oncogenic and suppress anoikis, two other
studies have provided evidence to the contrary. Although these studies were not
functional analyses, miR-27b-5p was found to be significantly downregulated in breast
cancer tissues and can even be used as a biomarker to discriminate lower-grade from

higher grade breast cancer samples (Tsuchiya et al., 2006; Lehmann et al., 2015).

Unlike the number of upregulated miRNAs, relatively fewer downregulated miRNAs
were revealed from the miRNA microarray on MCF-7-AR6. Of these, miR-2861 and
miR-1290 exhibited high fold change and have been previously studied in several cancer
types. The tumour suppressive role of miR-2861 was recently shown to occur through the
EGFR mediated pathway. By overexpressing miR-2861 in cervical cancer cells, Xu and
colleagues were able to demonstrate a marked decrease in proliferation, migration and

invasion of the cancer cells through the involvement of the PI3K/Akt pathway (Xu et al.,
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2016). Additionally, the study also found the downregulation of this miRNA in cervical

cancer tissues, which further corroborated its role as a tumour suppressor miRNA.

As for miR-1290, studies in breast cancer have shown it to have reduced expression in
breast cancer cells expressing ERa (ER-positive) (Endo et al.,, 2013). Upon further
investigations, it was proven that miR-1290 targets NAT1, making this the first study to
implicate NAT1 as a target for a downregulated miRNA in breast cancer (Endo et al.,
2014). Interestingly, conflicting evidence on miR-1290’s role in breast cancer was also
shown through the analysis of serum miRNA, during which miR-1290 was found to be
upregulated in cancer patients (Hamam et al., 2016). Similarly, studies on other cancer
types have also portrayed miR-1290 as an oncomiR instead. For example, according to
studies in laryngeal carcinoma, prostate cancer and NSCLS, miR-1290 is upregulated in
tumour cells, promotes tumourigenesis and correlates with poor overall survival (Huang

et al., 2015; Janiszewska et al., 2015; Zhang et al., 2016).

From the review of existing studies on the dysregulated miRNAs in MCF-7-AR6, the
focus of this study was narrowed down to miR-935, an upregulated miRNA, and miR-
6744-5p, a downregulated miRNA, based on their high fold change and novelty in anoikis
regulation and breast cancer. Before the functions of these selected miRNAs were studied,
the upregulation and downregulation of expression was first quantitatively validated
using RT-qPCR. The results were in agreement with the findings from microarray,
confirming the dysregulation of miR-935 and miR-6744-5p in MCF-7-AR6 when
compared to MCF-7. Thus, functional analysis of these miRNAs was carried out in two
breast cancer cell lines of different subtypes, which are the luminal A type MCF-7 and

triple-negative type MDA-MB-231 cell lines.

Proliferation assay was first carried out with the overexpression and knockdown of

miR-935 and miR-6744-5p, which showed no impact on the rate of proliferation in both
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MCF-7 and MDA-MB-231. This ensures that any phenotypic changes observed during
the assessment of anoikis are not due to the difference in growth rate upon the

overexpression or knockdown of these miRNAs.

Disappointingly, the overexpression and knockdown of miR-935 did not exert any
significant changes in inducing anoikis in both cell lines despite its high fold change
discovered in MCF-7-AR6. This was shown through viability, caspase-3/7 activity and
wound healing assays, suggesting that miR-935 does not regulate anoikis in the breast
cancer cells. Interestingly, miR-935 has been found to be upregulated in gastric cancer in
a study which demonstrated the miRNA’s ability to inhibit anoikis and promote cancer
cell proliferation (Yang et al., 2016). This occurs through the direct targeting and
downregulation of the tumour suppressor protein SOX7, which was also similarly

reported in hepatocellular carcinoma (Liu et al., 2017).

The genomic context of miR-935 may explain why it was upregulated in MCF-7-AR6
but did not affect anoikis. Intragenic miRNAs are miRNAs found in the exons or introns
of host genes, which can control its expression through co-transcription (Franca et al.,
2016). miR-935 is located in an exon on chromosome 19 (chr19). As an intragenic
miRNA, the expression of miR-935 is related to its host gene, which codes for calcium
voltage-gated channel auxiliary subunit gamma 8 (CACNGS8) (Hinske et al., 2014).
CACNGS associates with AMPA glutamate receptor and is primarily found in the brain,
functioning as ion channels. Although no direct role in tumourigenesis has been
established for CACNGS, both AMPA receptor and CACNGS8 are known to play
important roles in the classical MAPK/ERK pathway. In fact, glutamate-mediated AMPA
receptor activation has been explicitly linked to higher invasion and migration of
pancreatic cancer cells (Herner et al., 2011). It is worth noting that CACNS is also a

predicted target for miR-6744-3p, a miRNA that was downregulated in MCF-7-AR6 and
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is derived from the same precursor as miR-6744-5p. As such, it is hypothetically possible
for miR-935 to be upregulated due to increased co-expression with CACNGS in MCF-7-
AR6. Moreover, there is also the limited possibility that miR-935 is involved in other

cellular processes in breast cancer unrelated to anoikis.

Meanwhile, miR-6744-5p, the second miRNA chosen for further analysis, is a
relatively new miRNA that was annotated in 2012, with no existing functional studies at
present (Ladewig et al., 2012). Based on its downregulation in MCF-7-AR6, miR-6744-
5p was hypothesised to play a tumour suppressive role by promoting anoikis. To test this
hypothesis, overexpression and knockdown studies of the miRNA was carried out using

miRNA mimics and inhibitor in MCF-7.

Firstly, overexpression of miR-6744-5p in MCF-7 was found to promote anoikis,
decrease migration and increase the protein expression of E-cadherin, whereas
knockdown achieved the opposite outcomes as expected. As mentioned in Chapter 2, E-
cadherin is an important epithelial marker and a cell surface receptor playing a pivotal
duty of regulating cell-cell interaction and anoikis regulation. Its loss leads to EMT, which
enables cancer cells to adopt mesenchymal-like characteristics to resist anoikis and
metastasise. As such, increase in the expression of E-cadherin upon overexpression of
miR-6744-5p was in line with the predicted hypothesis as it prevents cells from surviving

the disassociation from neighbouring cells into an anchorage-independent condition.

Next, the experiments were repeated in MDA-MB-231, a triple-negative breast cancer
cell line lacking E-cadherin expression, to test if miR-6744-5p can induce similar results.
The knockdown of miR-6744-5p did not show any significant changes in terms of both
anoikis induction and cell migration. This may be due to a low endogenous expression of
miR-6744-5p in MDA-MB-231, and knockdown of the miRNA achieved no functional

loss.
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On the other hand, overexpression of miR-6744-5p not only increased anoikis
sensitivity and reduced migration but also caused change in cell morphology. The cells
began to lose their spindle-like protrusions to acquire comparatively rounded edges,
which reduces motility and increases cell-cell contact. Membrane protrusions seen in
cancer cells, such as filopodia, lamellipodia and invadopodia, house the focal adhesion
complexes and various receptors such as integrins, making them highly necessary for
ECM recognition. Furthermore, these cellular protrusions have also been demonstrated
to modulate breast cancer cell in vivo spreading and migration. As such, the loss of these
structures may greatly contribute to suppressing cancer cell motility and invasion. It was
initially thought that the change in morphology is an indication that E-cadherin expression
was being restored in this mesenchymal-like cancer cell line, marking MET. Indeed, the
reverse has been observed in breast cancer cells during EMT, wherein cells exhibited
significant loss of E-cadherin and adoption of elongated mesenchymal-like morphology
(Xie et al., 2012). However, this was not the case, as the expression of the epithelial
marker, E-cadherin, was not restored in MDA-MB-231, nor were there any changes to
the mesenchymal marker, vimentin. Together, these results indicate that miR-6744-5p

induces morphological changes in MDA-MB-231, but it was not sufficient to drive MET.

The next analysis conducted was related to cancer cell invasion. Unlike MCF-7, MDA-
MB-231 is a highly invasive breast cancer cell line (Nagaraja et al., 2006). As such, the
effects of miR-6744-5p on invasiveness were tested using this cell line. Transwell-
invasion assay revealed that the overexpression of miR-6744-5p significantly reduced the
invasiveness of MDA-MB-231 compared to control. The transwell-invasion assay is an
in vitro set up to measure the invasive capability of cells (Marshall, 2011). Suspension of
serum-starved cells is placed in an insert above a layer of Matrigel, a gelatinous mixture
of proteins analogous to the ECM. The Matrigel forms a barrier that separates the cells in

the insert from a provided chemoattractant, which in this case is growth medium with a
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high percentage of serum. As such, the cells must traverse through the Matrigel to reach
the bottom layer of the insert where the chemoattractant is fully accessible. The cells that
have invaded the bottom after 24 h are then stained and visualised. The more invasive the

cells are, the more cells will be visualised in the insert.

Similarly, miR-6744-5p also significantly inhibited invasiveness in vivo, demonstrated
through a zebrafish larva metastasis model. Although not a suitable model to study
tumour regression, zebrafish provides a microenvironment that is equipped with a
functioning circulatory system in the host organism, providing an excellent model to
study cancer cell invasion and metastasis. Similarities between the zebrafish and human
genome also mean that the xenotransplantation of cancer cells is supported by interaction
with the zebrafish stroma and tolerance by the zebrafish, providing a time- and cost-
effective model for researchers to study cancer cell behaviour (Chen et al., 2017).
Unsurprisingly, the zebrafish larva model is becoming vastly popular and being used in
an increasing number of studies on various cancer traits, such as metastasis and
angiogenesis (Brown et al., 2017). Especially for metastasis, zebrafish larva model offers
a practical alternative for in vivo validation by using fluorescent-labelled cancer cells.
This is because optical transparency can be induced with the use of PTU to inhibit
melanogenesis in zebrafish, which allows easier imaging of cancer cells during the course
of the experiment (Teng et al., 2013). Furthermore, the metastatic potential observed in
zebrafish has also been shown to be parallel to the effects seen in mice, making it a highly

versatile model.

For this experiment, transfected MDA-MB-231 cells were stained with a stable
lipophilic membrane dye, Dil, and injected into the yolk sac of 48 hpf zebrafish embryos.
The yolk is responsible to provide nutrients for the zebrafish embryos for the first five

days and is well capable to sustain xenotransplanted cancer cells (Veinotte et al., 2014).
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Injection of cells into this location in the zebrafish embryos provide the cells access to
the circulatory system as well, establishing a starting point for invasive cancer cells to
metastasise. At 48 hpi, the zebrafish embryos were euthanised and imaged using
fluorescent confocal microscopy. The analysis of the combined z-stack images allows
discerning the metastatic spread of the cancer cells away from the yolk of the zebrafish
and into its circulatory system throughout its body. By comparing the percentage of
fluorescent cells outside of the yolk with the control group, it was established that the
overexpression of miR-6744-5p was able to significantly impede invasiveness of MDA -

MB-231 cells.

Since the experiments so far have provided sufficient evidence to support miR-6744-
5p’s tumour suppressive role, the next question that was tackled was how the miRNA
functions to exhibit its effects in breast cancer. For this purpose, in silico target prediction
analysis and in vitro validation was used concurrently to determine the target gene of
miR-6744-5p. Firstly, a list of putative target genes was obtained for miR-6744-5p using
TargetScanHuman software. This software uses an algorithm to predict target 3’UTR
binding efficacy, using a set of conditions to determine binding sites and the respective
context++ scores (Agarwal et al., 2015). The score is calculated for each of the predicted
target sites and presented as a cumulative number, after taking into account conditions

such as 3’UTR length, seed-pairing stability and open reading frame (ORF) length.

From this analysis, 99 genes were listed as probable targets of miR-6744-5p. To
illuminate possible connections between these target genes, the list was then fed into the
gene-annotation enrichment software, DAVID (Huang et al., 2009). This software runs
an analysis on all the terms and signalling pathways that are associated with each of the
genes and attempts to find similarities among them. The functional annotation clustering

revealed terms that were relevant to anoikis, such as cell signalling, cell membrane and
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glycoprotein. Furthermore, the software was also used to highlight signalling pathways
that are hypothetically regulated by the target genes, which are the PI3K/Akt and
MAPK/ERK pathways. Examples of target genes implicated in these pathways are
receptor EPOR and transducer GNB1 that activate PI3K/Akt pathway and growth factor
FGF5 and its receptor FGFR that activate MAPK/ERK pathway. Unsurprisingly, these
pathways are regularly associated with cancer cell malignancy as they govern a wide array
of processes including survival and proliferation. Furthermore, the majority of miRNAs
regulating anoikis have been shown to target components of these major pathways to

exert their effects (Malagobadan & Nagoor, 2015).

Additionally, there were also some predicted target proteins that are known to
contribute to carcinogenesis by causing DNA damage either directly or indirectly, such
as NAT1 and BRCA2. Based on a literature review on these target genes, NAT1 appeared
to be the best candidate for validation as miR-6744-5p target gene. NAT1 is a xenobiotic-
metabolizing enzyme highly overexpressed in ER-positive breast cancer (Adam et al.,
2003; Wakefield et al., 2008). In addition to NAT1 being one of the top predicted targets
in TargetScanHuman, similarities were also observed in studies exploring the function of
NATI in breast cancer cells. One of these studies was by Tiang et al. (2011), which
demonstrated that knockdown of NATI caused loss of spindle-like protrusions and
reduced transwell invasion without MET in three triple-negative breast cancer cell lines
including MDA-MB-231 (Tiang et al., 2011). As such, NAT1 was chosen for further

analysis.

Based on luciferase assay and western blot, it was confirmed that miR-6744-5p
directly targets and downregulates NAT1. Luciferase assay was conducted to confirm the
interaction and binding between miR-6744-5p and NAT1 3’UTR region. To achieve this,

luciferase assay was carried out with vectors coding for luciferase enzyme in tandem with
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either NAT1 wild-type 3’UTR fragment with the binding site or mutated 3’UTR fragment
without the binding site. If there was binding between miR-6744-5p and NAT1 3’UTR,
the luciferase enzyme will be reduced in expression compared to the control as the
binding causes degradation of luciferase-NAT1 3’UTR mRNA transcript. The results of
the luciferase assay confirmed this, as less luminescence was produced by the enzyme in
cells co-transfected with the wild-type vector and miR-6744-5p mimic compared to the

control.

On the other hand, western blot showed that there was indeed downregulation of NAT1
when miR-6744-5p was overexpressed in MCF-7 and MDA-MB-231. However,
compared to MCF-7, the expression of NAT1 in MDA-MB-231 was too low for proper
visualisation. This was consistent with findings of other studies that NAT1 expression
and activity is higher in ER-positive breast cancer, such as MCF-7, compared to triple-
negative breast cancer, such as MDA-MB-231 (Carlisle & Hein, 2018). Regardless, this
does not indicate that NAT1 does not have a functional role in MDA-MB-231, as many
studies on NAT1 have been carried out with this cell line (Tiang et al., 2010; Endo et al.,
2014; Carlisle & Hein, 2018; Carlisle et al., 2018; Wang et al., 2018). As such, a more
suitable way to measure downregulation of NAT1 in MDA-MB-231 would be to either

measure NAT] activity or its mRNA expression.

This project has identified the functional role of miR-6744-5p in promoting anoikis
sensitivity and established that miR-6744-5p directly targets and downregulates NATI.
However, addressing the direct role of NAT1 enzyme in the regulation of anoikis by miR-
6744-5p will require additional studies, such as the overexpression and knockdown of
NATI1 without the target 3’UTR site. Other studies have attempted the knockdown of
NATI1 enzyme in breast and colon cancer cells, producing comparably identical in vitro

results to that seen during the overexpression of miR-6744-5p (Tiang et al., 2010; Tiang
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etal., 2011; Tiang et al., 2015). Indeed, it was such findings that led to the hypothesis that

miR-6744-5p exerts its role through the downregulation of NAT1 enzyme.

Figure 5.1: Chemical carcinogenesis by NAT1. A summary of the metabolism of
aromatic amines/amides by NAT1 to form DNA adducts, contributing to genomic
instability.

Although NAT]1 has been identified as a target in cancer therapy, the link between the
acetylation function of NAT1 enzyme and oncogenic phenotype observed when NATT is
overexpressed is in need of further clarification (Rodrigues-Lima et al., 2012). Among
the possible mechanism by which NATI1 could contribute to anoikis resistance is by
causing DNA damage through chemical carcinogenesis. As an enzyme that adds acetyl
group to its substrate, NAT1 is involved in the conversion of 4-aminobiphenyl into DNA
adduct (Figure 5.1), a carcinogenic compound that has been popularly associated with red
meat consumption (Xiao et al., 2016). Moreover, a recent study has also unravelled

evidence suggesting NAT1 inhibits reactive oxygen species (ROS) to suppress apoptosis
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(Wang et al., 2018). In this study using colon cancer cells, NATI was found to be
necessary to stabilize and increase gain-of-function p53 during glucose starvation,
leading to increased survival and resistance to anoikis. Lastly, NAT1 has also shown an
inferred interaction with ICAM1, a CAM upregulated in triple-negative breast cancer, in
a recent interactome analysis performed in HEK293T cells (Guo et al., 2014; Huttlin et

al., 2015). However, the exact nature of this interaction has not been explored.

Research on breast cancer and NAT1 enzyme has only begun to gain momentum, and
it is expected that NAT1’s role as an oncogene and a cancer therapeutic target will achieve
further clarification in the near future. Interestingly, another miRNA that targets NAT1
in ER-positive breast cancer, miR-1290, was also found to be downregulated in MCF-7-
AR6 during miRNA microarray analysis, suggesting the importance of suppressing
various inhibitors of NAT1 enzyme for cancer cells to resist anoikis (Endo et al., 2014).
It is necessary to highlight here that while this study has identified a target of miR-6744-
5p, the role of a miRNA goes beyond a single target, as miRNAs can target multiple genes
to become an oncomiR or a tumour suppressive miRNA. For example, miR-34a, a prolific
tumour suppressor miRNA, is reported to target more than 700 genes associated with

cancer cell malignancy (Slabdkova et al., 2017).
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CHAPTER 6: CONCLUSION

Overall, this project has revealed a novel miRNA, miR-6744-5p, as a tumour
suppressor miRNA that regulates anoikis in luminal A and triple-negative breast cancer.
Overexpression and knockdown of miR-6744-5p were able to promote and inhibit anoikis
respectively in MCF-7. Furthermore, the overexpression of miR-6744-5p was able to
increase anoikis and impede invasiveness of the metastatic MDA-MB-231. The target
gene, NATI, has been previously found to be associated with aggressive breast cancer
phenotypes, although the exact molecular mechanism involved is yet to be elucidated. As
such, the findings of this study have provided enlightenment on how breast cancer cells

are able to manipulate miRNA expression to inhibit anoikis.

Although NAT1 was identified and validated as the target of miR-6744-5p, the direct
link between them in anoikis regulation is yet to be established which will require NAT1
overexpression and knockdown studies. Furthermore, it is also highly likely that miR-
6744-5p also targets other genes, which results in the net effects that were observed. This
will require additional studies to determine the network of targets regulated by this
miRNA, such as microarrays. As for miR-6744-5p, having identified this miRNA as a
tumour suppressor miRNA in breast cancer can be useful in therapeutic and prognostics

application.

Therapeutic uses in cancer treatment have various challenges to attain feasibility,
including effective and safe delivery methods. Furthermore, the role of miR-6744-5p in
tumour regression in a higher animal model needs to be carried out before proceeding any
further, as the zebrafish model used in this project is only preliminary. Meanwhile, the
prognostic use of miR-6744-5p can be more immediate. Profiling and validating
circulating miRNA level in breast cancer patients can prove to be a faster and efficient

way of following patients’ response to a particular cancer treatment. With concerted
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efforts from the scientific community, there is no doubt that miRNA-based application

will find their way to cancer therapeutics and prognostics in the near future.
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