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EXECUTIVE SUMMARY

The ability of cells to communicate constitutes an important characteristic of all multi-
cellular organisms. Cells participate in a continuous relay of information between their
environment and other cells. These connections and the relayed information
(exchange of biomolecules) influence how cells grow and function, with some literature
suggesting that cell-to-cell communication may play a role in tumour progression. For
instance, cancer cells interacting with stromal cells are believed to lead to the

remodelling of the extracellular matrix to promote invasion and metastasis.

The development of metastasis has been implicated as a major cause of the
worsening of prognosis for the majority of cancer patients. Breast cancer is only lethal
when primary tumours travel to secondary sites or organs and impede their normal
function, for example, when metastatic breast cancer invades the lungs or brain and
results in death. Bearing in mind that breast cancer is the most prevalent form of

cancer affecting women, preventing this complex process could impact many lives.

These interactions are not limited to neoplastic cells communicating with normal cells,
and vice versa, but also between different neoplastic cells as well. The methods and
mechanisms of action have not yet been characterized. This presents an opportunity
in cancer studies/therapeutic development, in that targeting a non-metastatic cell
capable of influencing a metastatic cancer cells’ behaviour (or vice versa) would not
only present a single target to impactmetastasis, but also the opportunity to impact

two neoplastic cell populations with onetherapeutic target.

In this study, we investigated intercellular crosstalk between breast cancer cell lines
and the possible resulting effects. The data generated shows that communication does
take place between the different breast cancer cell lines. We observed that the
biomolecules communicated from the metastatic MDA-MB-231 cell line triggered cell
cycle exit and eventual apoptosis within the non-metastatic BT20 cell line. Additionally,
we confirmed that biomolecule transfer occurs between donor and recipient cell within

a two- and three-dimensional culture setting via the inducible colour switch system.

Keywords: Breast cancer, metastasis, cell-to-cell communication, biomolecules,
colour switch
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1. INTRODUCTION

1.1) Cancer

Cancer is a family of diseases that occur when there is unregulated cell proliferation.
It was documented as early as 3,500 years ago on Egyptian scrolls. Mentioned were
the palpable lumps characteristic of the late stages of the pathology in tissues such as
the breasts.” There are numerous forms of cancer, named according to the tissue
where they originate, such as breast cancer or prostate cancer. Furthermore, cancers
can be characterised by the tissue types they arise from. For example, sarcomas are
cancers of connective, non-epithelial tissue whilst carcinomas are cancers of epithelial
tissue.? Physicians in ancient Greece known as Hippocratic physicians (named after
the man considered to be the father of modern medicine, Hippocrates [460-370 BC])

are credited with the origins of the term karkinoma, which evolved to carcinoma.'-3

Cancer develops as a result of DNA damage leading to uncontrolled proliferation. As
cells age, the integrity of nucleic acid sequences making up the genome are
compromised.3 The body is usually able to repair this DNA damage but where it fails
to do so, genetic instability (mutations) may give rise to cancer.'* These mutations
allow unregulated cell proliferation and additional mutations to occur. Such mutations
can occur in a number of genes to initiate cancer. Indeed, cancer is mostly the result
of mutations in multiple genes.® This feature explains the heterogeneity of cancer as
a disease.*% A small proportion of cancer occurs through genetic inheritance, which
results from the inheritance of mutated genes. However, the majority are a result of
DNA damage due to exposure to external chemical substances known as carcinogens

or lifestyle choices such as smoking.5-¢

In the seventies, two important gene families were identified as being intimately linked
to tumourigenesis: oncogenes and tumour suppressor genes.” Oncogenes are genes
formed by the mutation of normal genes (proto-oncogenes) which, when present,
activate uncontrolled cell growth leading to the formation of cancerous cells.
Conversely, tumour suppressor genes are genes that inhibit uncontrolled cellular
division in normal cells, play a role in DNA repair and programmed cell death and are

silenced through mutation in cancers.3°
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There were an estimated 18 million new cancer cases diagnosed globally in 2018.
This was increased from an estimated 14 million new cases in 2012,%8 and is
projected to grow to approximately 24 million by the year 2035.%8 Second only to
cardiovascular disease, cancer has a significant negative impact on global life
expectancy.? Developed countries exhibit the highest incidence of cancer, with urban
and economic development having been implicated as role players in the increased
frequency of cancer. For instance, well known lifestyle diseases such as obesity and
diabetes, as well as the consumption of processed foods, are important contributing
factors.! However, although incidence is lower, cancer-related mortality is higher in

developing countries due to a lack of adequate health care.”

1.2) Cancer biology

There are over a hundred distinct types of cancers, with each having many subtypes.*
In contrast to most of the diseases that have plagued humanity over the years, cancer
does not have a single causative agent.® Not only is the cause of cancer not isolated
to a single causative agent, it is a group of diseases that has developed mechanisms
or acquired capabilities that constitute an organizing principle to not only survive but
thrive within a competent immune system.*® The hallmarks of cancer are the key
alterations in a cell’'s physiology and biochemistry that underlie the initiation and
progression of all cancers. They include sustaining proliferative signalling, evading
growth suppressors, avoiding immune destruction, enabling replicative immortality,
tumour promoting inflammation, activating invasion and metastasis, inducing
angiogenesis, genome instability and mutation, resisting cell death and deregulating
cellular energetics.* Put forward in an influential review in the year 2000 by Douglas
Hanahan and Robert Weinberg, these hallmarks of cancer cumulatively dictate the
development of malignant growth.#® Hanahan and Weinberg suggest that the large
catalogue of cancers is a manifestation of these ten “acquired capabilities” (Figure
1.1).4
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Figure 1.1: The hallmarks of cancer. The pro-neoplastic mechanisms of survival

employed by cancer cells put forward by Hanahan and Weinberg. These hallmarks

allow the cancer cell to circumvent many checkpoints and resist many immune

regulated counter measures resulting in the spread, attachment and growth of cancer.

Reproduced from Hanahan and Weinberg with permission.*

1.3) The hallmarks of cancer

1.3.1) Sustaining proliferative signalling

Normal cellular growth is dependent on mitogenic growth signals, necessary for the

progression of a cell from a quiescent to a proliferative state.’® Normal cells cannot
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undergo this progression into an active state in the absence of these signals.'®!" This
is not the case with neoplastic cells (those with uncontrolled cell growth). Neoplastic
cells have been shown to generate their own signals and, through this, be independent
of exogenous signalling."-12 Acquiring autonomy in signalling (sustaining proliferative
signalling) was the first hallmark clearly described.* The autonomy is achieved through
the modification of extracellular growth signals, modification of the transcellular
transducers of these signals or the modification of internal circuits meant to translate
the said signals.!" Through these alterations, the cancer cells acquire the ability to
produce growth factors they are responsive to, resulting in a positive feedback loop
known as autocrine stimulation.’ The synthesis of platelet-derived growth factor
(PDGF) by glioblastomas and tumour growth factor-a (TGFa) by sarcomas are

examples of self-sufficiency in growth signalling.*1°

1.3.2) Evading growth suppressors

In addition to developing self-sufficiency in proliferative signalling, neoplastic cells
have to circumvent suppressive signals.* Within normal tissue, homeostasis and
cellular quiescence are maintained through a balance between multiple proliferative
signals such as soluble growth factors and different antiproliferative signals such as
extracellular matrix (ECM) bound (immobilized) inhibitors.* Similar to the proliferative
signals, anti-proliferative signals utilize transmembrane cell surface receptors that
convey the signals to intracellular circuits.® Both proliferative and anti-proliferative
signals have been shown to affect different phases of the cell cycle, namely GO, a
phase where the cell has exited the replicative cell cycle and is in a quiescent state,
which is a viable and metabolically-active state (regardless of lack of proliferation),
where the cell is also capable of re-entry into cell cycle; G1 phase (Gap 1)
characterized by cell growth and synthesis of molecules crucial to the replicative cell
cycle such as mRNA and proteins; S phase, characterized by DNA synthesis; G2
phase (Gap 2) characterized by rapid cell growth and protein synthesisin preparation
for mitosis; M (Mitotic) phase where the cell divides copied DNA content and
cytoplasm to produce two daughter cells.’?® Anti-proliferative signals suppress
cellular growth through two mechanisms, either through forcing a cell out of active
proliferation into quiescence (G0), from which they can exit if acted upon by specific
proliferative signals, or a permanent loss of proliferative potential by entering a post-

mitotic state.*13
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1.3.3) Evading apoptosis

Maintaining homeostasis is a largely important theme throughout biology with various
processes contributing to the balance.' Apoptosis (programmed cell death) is a highly
conserved process crucial to normal tissue development, tissue homeostasis and the
maintenance of integrity in multi-cellular organisms.' In addition to regulating aging
or damaged cells, apoptosis plays crucial roles in the cell cycles of organisms, for
example, separation of digits of the human embryo.'® This highly conserved process
occurs via a series of sequential and precise steps; nuclear DNA fragmentation, cell
shrinkage, chromosome condensation, membrane blebbing then the formation of
apoptotic bodies which are engulfed by cells, such as lysosomes, for degradation.* 16
Programmed cell death serving as a barrier to tumorigenesis has been established
through compelling studies over the last couple of decades. Literature has shown that

evading apoptosis is a cancer hallmark of many, if not, all cancer types.4813-17

1.3.4) Derequlating cellular energetics

The unregulated proliferation profile or limitless replicative potential associated with
cancer is coupled to, if not dependent on, adjustments to cellular energy
requirements.'® In the presence of free oxygen (aerobic respiration), healthy cells
initially process a single glucose molecule into pyruvate (glycolysis within the cytosol)
then, through oxidative phosphorylation within the mitochondria, process this pyruvate
to produce 36 molecules of adenosine triphosphate (ATP) with carbon dioxide (COz2)
and water as by-products.* This is a very efficient process. The absence of free oxygen
(anaerobic respiration) favours glycolysis unrelated to oxidative phosphorylation, small
amounts of pyruvate are transported to the oxygen dependent mitochondria and an
ATP yield of only 2 molecules is generated.# Cancer cells exhibit a metabolic switch
where, even with an abundance in oxygen, they seem to counterintuitively favour
anaerobic respiration-linked glycolysis, yielding 2 ATP molecules, and producing
lactate as a by-product.’® This phenomenon is known as the “Warburg effect”.’®-1° This
reprogrammed energy metabolism can favour, for example, hypoxic phenotypic

switching, which in turn promotes tumoral plasticity and heterogeneity.* 18
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1.3.5) Genome instability and mutation

The p53 gene is hailed the “guardian of the genome” due to its crucial role in controlling
cell death and division.?° The aim of somatic cellular division is the production of
daughter cells with genetic content identical to that of the parent cell, maintaining the
integrity of the genome.?° Failure to accomplish this, possibly as a result of inactivation
of the p53 gene, for example, leads to genomic instability and genetic mutations,
increased sensitivity to mutagens by cells and/or gain/loss of entire chromosomes
(Aneuploidy).2%2" Genomic instability and mutation are driving forces for the
acquisition of more genetic alterations, clonal evolution and a major factor behind
tumour heterogeneity.?! The body utilises different strategies to prevent premature
DNA replication outside the normal division cycle, or it responds to varying
extracellular and intracellular cues regarding damage to the genome.?? There are four
biological mechanisms or strategies the body implements to try and safeguard the
integrity of the genome, namely a well-coordinated cell cycle with checkpoints,
meticulous chromosome segregation during mitosis, high-fidelity DNA replication and

error-free DNA damage repair.?023

1.3.6) Avoiding immune destruction

There are two widely accepted theories within the field of cancer, first, that it arises
from a series of genetic alterations that transform healthy cells into malignant ones,
and secondly, that specific biological machinery or programming must be disrupted or
deregulated to allow and sustain the development of cancer.?* Cancer is an illness
characterised by an abnormal accumulation of defective cells.?® Hallmarks such as
genomic instability allow for the transformation of normal cells to malignant ones whilst
hallmarks such as deregulating cellular energetics and resisting cell death (avoiding
apoptosis) allow for the disruption of normal regulatory processes.'®26 After the
development of malignancies, avoiding immune destruction sustains the development
and spread of cancer. The concept of ‘immune surveillance’ suggests the presence of
an ever-alert defence system that actively monitors, identifies, and destroys any
threats to the human body.'®2” That evasion of this immune surveillance is an
important factor in cancer development is supported by literature showing that chronic

immunosuppression following organ transplants, for example, is associated with an
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increased prevalence in particular cancer types, specifically those of viral origins.'®
Therefore, the emergence of solid tumours in otherwise healthy individuals suggests
cancer manages to circumvent the surveillance system or limit the effectiveness of
said system.?’ In addition to the indirect contribution of the tumour microenvironment
(hypoxic and immunosuppressive), cancer utilises different strategies to avoid immune
destruction.?® The strategies employed range from the creation of low immunogenicity,
creation of immune tolerance, the suppression of immune cell checkpoints/chemotaxis

to downright resistance of immune cell mediated lysis. 828

1.3.7) Enabling replicative immortality

Normal cell populations undergo a finite number of divisions until they stop growing,
this cellular characteristic is associated with two barriers to proliferation, namely
senescence and crisis.® Senescence is a permanent state of cytostasis that can be
induced by intrinsic or exogenous factors.'"2? Intrinsic triggers of senescence can be
telomere dysfunction or the initiation of oncogene expression whilst exogenous
triggers can include oxidative stress or a range of DNA damaging compounds such as
ultraviolet (UV) radiation.?® When the process of senescence is circumvented, for
example, the disabling of the retinoblastoma tumour suppressor protein in cultured
human fibroblasts, the cell enters a state of crisis, characterised by substantial cell
death.® The processes of senescence and crisis protect the genome from possibly
defective or aged cells.’ The disruption of autonomous internal circuits responsible
for inducing cell senescence or crisis disrupt cellular limits on multiplication and there
can be an emergence of cells from the crisis phase. These cells display an unlimited
replicative potential, in a change termed immortalization. The enabling of replicative
immortality by neoplastic cells, a hallmark, is necessary to produce macroscopic

tumours.*

1.3.8) Inducing angiogenesis

The supply of oxygen and nutrients, coupled to removal of waste products, is crucial
to normal cellular function, this is facilitated by the blood vessels.3%-3! These important

functions are why almost all cells within tissue are limited to residing in close proximity
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to vasculature (within 100 um).83% The ability to induce the formation of new blood
vessels (initiation of angiogenesis) is initially absent within neoplastic cellular
populations but its development is necessary to produce clinically relevant tumours.%3'
The realization that rapidly proliferating tumours were massively vascularised whilst
dormant ones were not, was the first indication of the crucial role angiogenesis plays
in tumour progression.32 Angiogenic homeostasis is regulated by both pro-angiogenic
(activator) and anti-angiogenic (inhibitor) molecules.3%32 Tumour cell aggression is
reflected in the relative levels of expression of pro-angiogenic or anti-angiogenic
factors.3® When these factors are in balance, there is vasculature quiescence and
endothelial cells do not proliferative.3? The initiation of angiogenesis occurs when there
is dominant expression of pro-angiogenic factors such as vascular endothelial growth
factor (VEGF).%3% The induction of this process in tumour cells is termed the

“angiogenic switch”.31-32

1.3.9) Tumour promoting inflammation

The immune system functions to protect the body from infection.33 Short-term defence
against infection is carried out by acute inflammation whilst chronic inflammation
protects the body against prolonged exposure to infection related to numerous
diseases including carcinogenesis.3* The link between cancer and inflammation was
first recorded in the nineteenth century by Jean-Nicolas Marjolin, a French surgeon
who, through observation, noted the development of carcinomas in burn victims years
after incidence.?335 The presence of leukocytes in tumours and the tumour
microenvironment provided a clue on the relationship between inflammation and
cancer.33 Historically, the presence of cells from the innate and/or adaptive branches
of the immune system, either as subtle infiltrations or major inflammation, were
considered an attempt to combat tumour progression.*33 However, the past couple of
decades have produced research centred on the link between the immune system and
cancer progression.3® Current literature reports a direct link between said immune
responses and neoplastic progression (tumour promoting inflammation), a cancer
hallmark.? It is estimated that approximately a fifth of all cancer-related chronic or
acute inflammatory responses are due to tumour-promoting effects.® This direct causal

link is further established through evidence of chronic inflammatory diseases such as
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colitis and pancreatitis resulting in an increased risk of developing colon and

pancreatic cancers.333%

1.3.10) Activating invasion and metastasis

The movement of cells is a highly dynamic process crucial to numerous physiological
processes such as collective movement during early embryogenesis.3® It describes
the directed or random movement of cells from one region, site or tissue to another.3’
Cell migration plays a role in all life phases, from the ‘initiation’ of life (starting with the
flagella-dependent movement of sperm and then the process of embryonic
development), the ‘maintenance’ of life (for example, in epithelial wound healing and
immune responses) and the ‘ending’ of life (for example, tumour progression and
cancer metastasis).3” Activation of invasion and metastasis, the final cancer hallmark,
is a major contribution to the lethality of cancer. It is defined as the process by which
tumour cells disseminate from the primary tumour, travel through the circulatory

system to colonise and proliferate at a secondary site (Figure 1.2).438

10
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Figure 1.2: The metastatic cascade. (/-V) Tumour cells disseminate from the primary
tumour and break through the basement membrane. (V-IX) The cells enter the
circulatory system, survive and colonise a secondary site. (X) The cells start to
proliferate at the secondary site. RBC — red blood cell; WBC — white blood cell.

Obtained from Eslami-S and Cortés-Hernandez (Open access).38

1.4) The metastatic cascade

1.4.1) Epithelial-mesenchymal transition

Metastasis requires cells to change their phenotypic characteristics. The term
epithelial-mesenchymal transition (EMT) describes a process by which epithelial cells,
with strong apical-basal polarity, transition to an invasive mesenchymal state (Figure
1.3).3%-41 This transition entails a decrease in expression of genes coding for proteins
that favour a cellular epithelial state such as E-cadherin and occludin, coupled to a
subsequent increase in the expression of genes encoding proteins for a cellular
mesenchymal state such as N-cadherin and fibronectin (Figure 1.3).4° E-cadherin
promotes adherence junction health. Cell surface E-cadherin domains of neighbouring
cells interact (adhere) to one another to strengthen cell-to-cell interactions whilst
intracellular domains bind to B- and a-catenins connecting junctions to the

cytoskeleton.#?43 The phenotypic or morphological shifts associated with EMT confers

11

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02’&3

upon the neoplastic cell properties that aid and promote cellular invasion, with
increased metastatic potential being characteristic of mesenchymal cells.** Such
changes include tight junction dissociation, loss of microvilli, a cytoskeleton
reorganisation and an up-regulation of matrix metalloproteinases (MMPs), all of which
aid cell invasion and motility.3%4° EMT has been implicated as a major role player in
the development of cancer drug resistance and the initiation and progression of

metastasis.40

EMT is induced by numerous extracellular cues, most originating from the cells’
microenvironment.*®¢ EMT, whether as a normal physiological process (embryonic
development) or pathology (cancer metastasis), is dependent on the activation of
signalling pathways, including the Wnt, Notch and transforming growth factor g (TGF-
B) pathways.*6*” These signalling pathways alter the expression profile of adhesion
receptors and extracellular matrix (ECM) proteins.*® The coordinated action of these
proteins then causes a remodelling of the microenvironment around the cells
undergoing EMT. Cell-to-cell adhesion is disrupted, and cell morphology changes
allowing the detachment of cells from one another.#”*8 This detachment promotes

migration.

The TGF-B pathway has proved to be unique, in that a single growth factor promotes
the release of numerous growth factors, which, in turn, enhance the
transition/differentiation process.*¢-4¢ EMT initiated by TGF-B is largely mediated by
specific transcription factors including Snail, Twist, Zip, Slug, ZEB1 and ZEB2.%° For
example, Snail directly represses the transcription of E-cadherin which is an epithelical
cell marker.*® Overexpressing Snail in Madin-Darby Canine Kidney (MDCK) cells
resulted in loss of cell-to-cell adhesion due to decreased E-cadherin expression.48:50
Silencing EMT transcription factors (EMT-TFs) such as Snail and Twist-related protein
1 (TWIST1) has been shown to significantly abrogate the occurrence of lung
metastases, however, this did not entirely eliminate them.*5! This has led researchers
to believe that EMT-TFs act more as catalysts and not drivers of EMT.4%-% Jolly et al
showed that the level of EMT-TFs and/or mesenchymal markers present affect the

mode of migration cells adopt during EMT i.e. single cell or collective migration.*®

12
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Figure 1.3: Epithelial-mesenchymal-transition. EMT effectors such as Prrx1 and
signalling pathways such as the TGF-3 pathway initiate the EMT process. Cells of an
epithelial nature undergo tight junction dissociation and loss of microvilli; this leads to
loss of apical-basal polarity followed by cytoskeleton reorganisation. The cells then
exhibit a mesenchymal state. This promotes the cells’ ability to migrate to and invade
into a secondary site or circulation. aSMA — alpha smooth muscle actin. ZO-1— Zonula

occludens-1. Reproduced from Angadi and Kale with permission.+

1.4.2) Mechanisms of cellular invasion and migration following EMT

Within cancer, invasion is defined as the infiltration by neoplastic cells of tissue
substrate, i.e. basement membrane (Figure 1.2).52 Metastatic cells need to pass
through their surrounding environment to reach distant organs. This requires the
employment of invasion promoting molecules such as MMPs, upregulated upon
initiation of EMT.%3-% MMPs promote cellular invasion through enzyme driven
remodelling of substrate. This enzymatic promotion of invasion favours cellular
migration in numerous ways, most notably the removal of physical barriers within the
stromal tissue and activation of chemotactic molecules.5* Following EMT, as

mentioned above, an increase in the expression of mesenchymal markers such as N-
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cadherin result in cytoskeletal rearrangement.*® The rearrangement affects focal
adhesion kinase (FAK), which binds actin fibres to attach cells to the substrate.*?
Subsequently, pro-migratory molecules such as Rho, Rac1 and Cdc42 are activated,
leading to the formation of lamellipodia (Rac1) or the formation of filopodia (Cdc42)
whilst Rho modulates cellular contractility.*? Filopodia trigger cellular migration in
numerous cell types, and an increased filopodia prevalence and density has been
reported within cancer.5254-% Migrating cells project lamellipodia that bind the ECM,
disrupting existing ECM bonds at their ‘back-end’, following contraction, this

continuous process allows migratory cells to pull forward.52:%

During collective cellular migration, the front invasive cell is known as the ‘tip cell’, it
has front-back polarity and leads the way while the rest of the cells follow.4>%" The
engagement of integrins and polymerization of actin within the ‘tip cell’ propels the cell
forward.®” Important to note, is that the trailing cells can conserve their epithelial
nature.?? Single cell migration can either be mesenchymal or ameboid.>” Cells can
detach from migrating clusters into either one of the migration forms through, for
example, ‘collective to ameboid transition’ (CAT) or further transition into an ameboid
form of migration from mesenchymal, via a process known as ‘mesenchymal to
ameboid transition’ (MAT).%8 Each single cell migration form utilizes specific movement
mechanisms. Mesenchymal single cell migration utilizes focal adhesions and traction,
whilst ameboid single cell migration is dependent on propulsion from cells
contracting.®” The fastest form of single cell migration is ameboid cellular migration, it

presents with a complete loss of cellular polarity.>7-58

1.4.3) Surviving detachment and circulation

A prerequisite for successful metastasis is the ability of cells to withstand apoptosis
induced by the loss of cell adhesion, also called anoikis.5%-6% Anoikis is a crucial
physiological defense mechanism that prevents cells that have detached from
reattaching to new matrices incorrectly, preventing dysplastic growth.%° The
extracellular matrix provides a substrate to which epithelial cells attach inducing
survival and growth.6' Once detached, these pro-survival cues are lost and cells will
usually enter anoikis.6'%2 Neoplastic cells develop the ability to proliferate

independently of cell adhesion, and are termed anoikis-resistant cells.6'-62
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Once detached, the metastatic cells must disseminate to a secondary site via the
circulation (Figure 1.2). The metastatic cascade is very inefficient, with less than 0.1%
of disseminated cancer cells surviving to form a metastatic tumour.4%83 There is an
extensive elimination of metastasising cells at multiple steps. For example, cells have
to survive primary tumour cell dissemination, sheer force and changes in pH in the
circulatory system, immune system attack and lack of compatibility at the secondary
site.426365 Dye to these selection pressures, metastasising tumour cells have been
shown to sometimes become dormant. Undetectable tumour cell populations known
as micrometastases can survive in circulation for decades.®®%” These
micrometastases are a result of either cell cycle arrest or the tumour cell population
effectively balancing proliferation and apoptosis.*? Some of these micrometastases
are capable of eventually growing to clinically relevant lesions/neoplasms

(macrometastases), causing patient relapse.53:66

1.4.4) Extravasation, colonization and proliferation

Upon surviving circulation and its associated pressures, metastatic cells extravasate
and colonize a secondary site or organ (Figure 1.2). Certain cancer types have a
propensity to metastasize to specific organs. For example, breast cancer commonly
metastasizes to the bone, brain, lungs and liver.%8-" This shows that, to a degree, the
metastatic process occurs in a predictable (non-random) manner or pattern, with
multiple factors in play.”® Such a conclusion is not a novel one, in 1889 Dr Steven
Paget interrogated the relationship between the organ distribution of metastases that
developed from various human neoplasms by analysing over a thousand autopsy
records of female breast cancer patients.”? His work documented a methodical pattern
for the development of metastasis suggesting that it was not by chance. He theorised
that specific tumour cells — “the seed”, had a certain affinity for the setting provided by
certain organs — “the soil”. He summarised that metastases would occur only when/if
the “seed and soil” were compatible.”?’> The present day definition of the theory
comprises of three principles.”?7% First, a tumour is of a heterogeneous biological
nature and it contains multiple subpopulations of cells with varying properties®7°

Second, the metastatic process is selective for cells that carry out all of the steps as
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shown by the fact that metastases can be of clonal origin and that different forms of it
can originate from the propagation of a single cell.”*-75 Lastly, the results of metastasis
are dependent on numerous interactions (“cross-talks”) between the metastatic
tumour cells and homeostatic mechanisms which the tumour cells can employ.”® The
original Paget theory is now widely accepted, 68697375 with the “seed” being retitled
the progenitor, stem or metastatic cell and the “soil” the niche, host factor or
organ/tissue microenvironment. Irrespective of terminology, the progression and
success of the metastatic process is highly dependent on the on-going interaction
between the tumour cell and its microenvironment.”*7375 |n addition to these
physiological factors, mechanical factors can also play a role in determining the sites
of metastases. For example, the lung is a common organ for metastasis but this is, in
part, due to circulating tumour cells getting stuck in the narrow passageways of the

bronchioles.”"

As mentioned above, the epithelial phenotype is characterised by apical-basal polarity,
attachment to substrate and expression of markers such as E-cadherin, occludins and
collagen.”®7 In contrast, the mesenchymal phenotype is characterised by front-back
polarity, a lack of attachment to substrate and expression of markers such as n-
cadherin, fibronectin and vimentin.”®.78 Cells in the mesenchymal state are multipolar,
have no junctions and are spindle shaped with strong migratory potential, whilst cells
in an epithelial state have a polygonal shape, have strong cellular adhesion with the
presence of adherens, tight and gap junctions.”® To colonize the secondary site, cells
have to trade in the mesenchymal phenotype (gained via EMT), and its associated
markers and advantages towards metastasis, and return to an epithelial phenotype in
a process called mesenchymal-epithelial transition (MET).”® It has been shown that
the re-expression of markers such as E-cadherin and occludins brought about by MET

increases tumour cell survival and drug resistance at the secondary site.””-"8
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1.5) Cell-to-cell communication

1.5.1) Mechanisms of cell-to-cell communication

No cell is an island. One of the central features of a multi-cellular organism is the
development of diverse tissues as collaborative communities of cells. With this, each
cell possesses an individual identity, but is dependent on a continuous interaction and
communication with other cells (Figure 1.4).”° Intercellular cross-talk is a crucial
physiological occurrence necessary for the spreading of chemical signals between
cells, either at close proximity or at a distance.® This cross-talk enables the proper
regulation of cellular growth, metabolism, homeostasis and motility.8%-8" Cell signalling
consists of three stages that convey an external message to an internal cellular
response. It is initiated when there is reception of the signalling molecule (the first
stage), which results in intracellular signal transduction (the second stage) and
concludes with an intracellular response (the third stage).8283 As mentioned above,
cell-to-cell communication can either be at close proximity (direct) or at a distance
(indirect).8% Direct forms of intercellular communication occur between cells physically
in contact with one another, where the chemical signal passes through the cytoplasmic
fluid. Indirect intercellular communication occurs via chemical diffusion where the

chemical signal passes through interstitial fluid or blood.8?
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Figure 1.4: Forms of chemical signalling. Cell signalling can either be direct or
indirect. Direct forms of communication consist of signalling across gap junctions.
Indirect forms consist of paracrine, autocrine and neurotransmitter-based
communication that travels in interstitial fluid or hormonal communication that travels

in blood. Reproduced from Dong and Liu (Open access).82

1.5.2) Direct versus indirect intercellular communication

1.5.2.1) Direct cell-to-cell communication

Surface proteins give cells their identity.”® Cells in contact communicate by ‘reading’
each other’s tissue-specific surface-residing cell markers.®! The majority of these cell-

surface markers are comprised of carbohydrate containing lipids known as
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glycolipids.8* The makeup and arrangement of the physical connections between
adjacent cells determine what is communicated between the cells. These connections
determine the nature of the tissue, which in turn determines its function.”® There are
different forms of these physical cell connections, namely adhesive junctions,

tight/septate junctions and gap junctions.”®84

With primitive forms being identified in sponges, adhesive junctions appear to be the
first to have evolved.”® Adhesive junctions function to mechanically attach the
cytoskeletons of adjacent cells to each other or to attach cells to the ECM.”85-86 There
are four types of adhesive junctions, namely desmosomes, adherens junctions,
hemidesmosomes and focal adhesions.”® Adherens junctions exert their function
through one cell's cadherin binding the extracellular domain of an adjacent cell’s
cadherin. They are primarily found in tissues that endure high stress, such as the
skin.”® Unique to vertebrates, desmosomes provide strong and flexible cellular
connections.”8 They contain desmocollin and desmoglein, forms of cadherins that
bind the intermediate filaments of the cytoskeleton.®> They are most common in
epithelium.” Hemidesmosomes and focal adhesions connect cells to substrate
through the use of integrins. These connections to the substrate are important during

development and cell movement.”®

Septate or tight junctions are present in both vertebrates and invertebrates.® They
form a barrier that seals off cells, forcing material to pass through, but not between,
cells.”®8 Septate junctions are widespread and their distribution suggests that they
evolved with, or directly after, adhesive junctions.” Tight junctions, which are unique
to vertebrates block (occlude) the passage of material between cells. They exert their

function through the protein occludin.”

Gap junctions are physical cell connections that allow communication between cells
of multicellular organisms.”®:84-86 This relay of information occurs through the ‘sharing’
of small molecules using channels between the cells. These channels are known as
gap junctions in animals and plasmodesmata in plants.”® Gap junctions are defined as
collections of intercellular channels spanning the plasma membrane of neighbouring
cells that facilitate direct intercellular communication.®387 Gap junctions prevent
dilution of the chemical signal by preventing its entry into an extracellular space, and

rather allow hydrophilic molecules, secondary messengers and ions of a mass smaller
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than 2 kilodalton (kDa) to easily diffuse through aqueous channels between the

cytoplasms of adjacent cells. 82-83.87

Nanotubules are open-ended, actin-based cytoplasmic extensions that physically
connect cells to facilitate direct intercellular communication (Figure 1.5).88 First
described by Rustom et al, these nanotubules, also known as tunnelling nanotubules
(TNTSs), can range from 50 to 200 nanometers (nm) long.8% TNTs are part of the family
of actin basedprojections which also includes filopodia and invadopodia.®® However,
unlike the adhesive projections, TNTs lack adherence to the substratum in vitro and
have small diameters.8%°192 These cytoplasmic bridges function to transport cargo
between cellsand are capable of transporting cargo ranging from full length RNA
(mRNA) to whole organelles and pathogens.®?9 The biosynthesis of TNTs is largely
actinomyosin dependent.889 Firstly, TNT inducer proteins such as the small GTPase
RalA and M- Sec direct the development of filopodia-like protrusions in a process
called ‘actin driven protrusion mechanism’. Alternatively, TNT formation occurs as a
result of previously linked cells detaching, known as the ‘cell dislodgement
mechanism’.92% The elevated expression of motor proteins such as myosin10 and
actin regulatory proteins such as Eps8 have also been shown to significantly increase

the formation ofTNTg 92.94
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Figure 1.5: Intercellular communication between two cells can occur via direct
or non-direct mechanisms. Intercellular communication between two cells can occur
via direct or non-direct mechanisms, with the form of communication dictating the
biomolecules communicated. Extracellular vesicles (EVs) require packaging of
relatively small cargo as opposed to tunnelling nanotubules (TNTs). The nanotubules

can transport whole organelles and pathogens. Obtained from Nawaz and Fatima
(Open access).58

1.5.2.2) Indirect cell-to-cell communication

Chemical signalling can occur over varying distances, the indirect signalling processes
are primarily characterised by where the signal acts.®%” These chemical signals play
important roles in the regulation of the immune system, tissue function and other
numerous crucial physiological functions.®” Indirect cell-to-cell communication can be
classified as paracrine, autocrine or endocrine.®>% Paracrine cell signalling occurs
when a cell produces a chemical signal that acts on neighbouring cells that are not in
direct contact to the donor cell, inducing a change in behaviour in these nearby cells.%

Autocrine cell signalling occurs when a cell produces chemical signals that act on the
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very cell that produced them.® For both paracrine and autocrine cell signalling, the
biomolecules secreted are present at a high concentration in close proximity to the
cells that secreted them and the signals travel via the interstitial fluid.®>°° In contrast,
endocrine cell signalling is a form of indirect cell signalling that involves the trafficking
of the chemical signal to a distant site via the bloodstream - these signals are known

as hormones.%°

1.5.2.3) Extracellular vesicles

One of the most commonly researched mediators of indirect non-endocrine
communication is extracellular vesicles (EV).%!' However, this has not always been
the case and in the 1980’s and 90’s extracellular vesicles were believed to merely be
a cells waste disposal mechanism, or were widely considered just to be artifacts of
dying or dead cells due to their similarities (mainly in size) to apoptotic bodies. ' |t
was not until the late 1990’s that there was renewed interest in this form of indirect cell
signalling, after Raposo et al described them as an intercellular communication tool.'%!
The first clue that they were important for communication was the observation that
communicated cargo could elicit a response.'®! It was discovered that EVs house
numerous biomolecules ranging from antigens, lipids and nucleic acids, such as
microRNA (miRNA), which when taken up (endocytosed) repress the host RNA and
machinery resulting in the modification, regulation and initiation of a wide range of
cellular functions.'21% For example, theyre released by antigen-presenting cells
(APCs) to elicit a response in immune response cells, and are also involved in
establishing immune memory in B cells.'%9.1%5 Additionally, oncogenes have been
isolated from EVs.'% This suggests that their transfer could play a role in the
development or progression of cancer related phenotypes. Their known ability to
modulate cellular behaviour could mean the promotion or furthering of pro-neoplastic
conditions such as angiogenesis or metastasis.'00.103.106 The effect of secreted EVs in

physiological processes is dependent on their interaction with the target cells.03.107

EVs are small membrane-derived, cytosol-containing, secreted biomolecule
transportation tools packaged within a lipid bilayer (Figure 1.6).101-102.108 There are four
types of EVs, namely oncosomes, microvesicles (MVs), apoptotic bodies and
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exosomes (Figure 1.6).100.102108 The |argest form of EVs, oncosomes (1 — 10
micrometers (um) diameter), are produced by tumour cells as a result of the scission
of cellular membrane protrusions.'0-192.198 The second largest form of EVs are
known as microvesicles. They are formed inside cells through the fusion of multiple
endocytic vesicles and lysosomes.01-102.108 The third largest form of EVs are released
from cellsundergoing programmed cell death. These vesicular apoptotic bodies have
a diameterrange of 50 nm — 2 (um). Exosomes are the smallest, with a diameter
range of 40-120 nm."2 They are formed when internalised multivesicular bodies fuse
with the plasma membrane (PM) and release their contentsexternally. %2 They have a

diameter range of 100 nm — 1000 nm.'%?

a ) J Apoptotic
e = cell
0
40 _qgn nm 100 - 1000 nm 90 nm =2 pm 1-10 pm
Exosomes Microvesicles Apopiotic bodies Oncosomes
b Fusion
Endocytosis

Phagocytosis

Ligand - receptor
interaction

“ncRNA' !
s miRMA

Figure 1.6: The different forms of extracellular vesicles produced. a) The varying
forms and sizes of extracellular vesicles. Exosomes and microvesicles (MVs) can be
produced by both normal and pathological states. Apoptosis produces apoptotic
bodies and neoplastic cells produce the large oncosomes. b) EVs can utilise different
mechanisms to deliver their cargo. Obtained from Zaborowski and Balaj with

permission.02

23

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02’&3

1.6) Research problem

Recent literature has emphasized the importance of the complex interplay between
the matrix, immune and neoplastic cells within the tumour microenvironment, but little
is known about how neoplastic cells interact and influence other neoplastic cells.0%-110
This overlooked intercellular communication, which can be direct or indirect via
communication tools such as EVs, could be a driver of processes with greater
implications.’® For example, the metastatic spread of tumour cells remains an
underlying cause of breast cancer-related deaths.!' Metastatic progression could be
promoted through miRNAs such as the ones isolated from EVs within the tumour
microenvironment, that diffuse through it, reaching immune and neoplastic cells alike,

influencing phenotypes and regulating protein expression.%

Biomarkers are quantifiable ‘characteristics’ that represent normal or pathogenic
conditions.''? There are a wide range of biomarkers associated with breast cancer but
there are three that are most extensively used to characterise the pathology within
clinical practice like estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth receptor 2 (HER2).112113 Estrogen is a known carcinogen and
approximately eighty percent of all breast cancers are ER-positive.''? The PR gene is
modulated by estrogen therefore PR expression correlates to a faultless or thriving ER
pathway.''? Tumours that are ER-positive and PR-negative have been shown to be
less responsive to common treatments such as tamoxifen in comparison to tumours
expressing both receptors.'2113 Thirteen to twenty percent of all invasive breast
cancer has been shown to be HER2-positive with more than half of the cases lacking
hormone receptors (ER- and PR-)."'2 HER2 overexpression is a clinical prognostic
tool used to predict patient responsiveness to treatments such as trastuzumab.''?
There is a subset of tumours that that are negative for all three receptors, known as
triple-negative breast cancer (TNBC).""? It is generally faster growing and more
aggressive with a higher chance of recurrence.''>'13 Therefore, the aim of this study
was to investigate cell-to-cell communication between different types of breast
cancer cells as a step towards unravelling its potential role in cancer cell physiology

and metastasis.
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2. AIM AND OBJECTIVES

2.1) Aim

The aim of this study was to determine if cell-to-cell communication between different
types of breast cancer cells can alter their cellular physiology.

2.2) Objectives

« To evaluate if cell-to-cell communication between non-metastatic and
metastatic breast cancer cells, affects recipient cellular physiology by:
I.  Determining the effect of conditioned medium from a metastatic cell
line on the cell attachment of a non-metastatic cell line.
[I.  Determining the effect of conditioned medium from a metastatic cell
line on the cellular metabolism of a non-metastatic cell line.
[ll.  Determining the effect of conditioned medium from a metastatic cell
line on cellular migration of breast cancer cell lines
« To show that biomolecule transfer does occur between different breast cancer
cells by establishing a transfer model through:
I.  Creation of stable recombinant donor and recipient cell lines
[I.  Confirmation of cell-to-cell communication via the successful colour
switching of the recipient cell line
lll.  Establishing whether biomolecule transfer occurs in a 3D spheroid

model
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3. MATERIALS AND METHODS

Table 3.1: Cell lines utilised in the study

PRETORIA

OF PRETORIA

PRETORIA

Cell line Associated Biomarker | Supplier City & Catalogue
disease expression Country number
MCF7 Adenocarcinoma Estrogen ATCC Virginia, USA HTB-22
(metastatic) receptor
MDA-MB-231 | Adenocarcinoma | Triple-negative | ATCC Virginia, USA | CRM-HTB-26
(metastatic)
BT20 Carcinoma Triple-negative | ATCC Virginia, USA HTB-19
(non-
metastatic)
HEK293 None but N/A ATCC Virginia, USA CRL-1573
tumorigenic, can
(e form tumours in
metastatic) nude mice
3.1) Cell lines

This study utilised three breast cancer cell lines and a human embryonic kidney cell
line (Table 3.1). These were the Breast Tumour-20 (BT20), Michigan Cancer
Foundation-7 (MCF7), M.D. Anderson metastatic breast-231 (MDA-MB-231) and the
human embryonic kidney-293 (HEK293-T) cell lines.''#11® The BT20 human breast

cancer cell line is an adherent and tumorigenic but non-metastatic cell line isolated

from the primary tumour in the mammary glands of a 74-year-old Caucasian female."”

The MDA-MB-231 human breast cancer cell line is an adherent, tumorigenic and

metastatic cell line isolated from the pleural effusion of a 51-year-old Caucasian
female with TNBC.""® The MCF7 cell line is an adherent and
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tumorigenic, non-metastatic cell line isolated from the pleural effusion of an estrogen
receptor positive 69-year-old Caucasian female.'” Previously known as
293tsA1609neo, the HEK293 cell line is an adherent cell line derived from embryonic
kidney cells. HEK293 cells are widely used in experiments because they are relatively
easy to transfect and stably express SV40 large T-antigen which allows them to
replicate vectors housing the SV40 origin of replication.''® They yield high titres when
utilised for retrovirus production and are primarily used for the production of

retroviruses, exogenous gene expression and protein production.'4116-117
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3.2) Cell maintenance, counting and storage

Table 3.2: Cell culture reagents and materials

Cell culture Supplier City & Country Catalogue number
Reagents
DMEM Invitrogen California, USA 10566016
MEM Invitrogen California, USA 21090022
Ham’s F-12 Invitrogen California, USA 21765029
FCS Invitrogen California, USA 10499044
GlutaMax™ Invitrogen California, USA 35050061
Trypsin-EDTA Invitrogen California, USA 25200056
Trypan blue solution Gibco California, USA 15250061
DSMO Invitrogen California, USA D12345
Materials
T75 culture flask (75 Greiner Bio-One Kremsmunster, 658940
cm?) Austria
15 ml falcon tube Lasec Cape Town, *
South
Africa
Serological pipettes Lasec Cape town, *
South
Africa
Eppendorf® tubes Lasec Cape town, *
South
Africa
Freezing tubes Greiner Bio-One Kremsmunster, E21083EP
Austria
Mr. Frosty™ freezing ThermoFisher Massachusetts, 5100-0001
containers scientific USA
Countess™ cell ThermoFisher Massachusetts, C10228
counting chamber slides scientific USA

* Consumables obtained from Lasec; link:

https://www.lasec.com/catalogue/consumables/bioscience-plastics.html
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Method

All cell culture was performed using aseptic techniques in a laminar flow cabinet. Cell
culture media was incubated in a warming oven at 37°C for an hour before undertaking
of experiments, whilst trypsin-EDTA was warmed at room temperature. The MDA-MB-
231, MCF7 and HEK293 cell lines were cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% foetal calf serum (FCS) (v/v) whilst the BT20 cell line
was cultured in phenol red-free Minimum essential media (MEM) supplemented with
10% FCS and 1% GlutaMax™ (v/v). Each cell line was cultured in a T75 flask. When
the cell monolayer reached 80% confluence in the T75 culture flask, cells were
passaged. The media was aspirated and the cells washed with 10 ml of phosphate
buffered saline (PBS; 1.37 M NaCl; 27 Mm KCI; 18 mM KH2PO4; 100 mM NazHPOg4,
at pH 7.4) then incubated in 1 ml of 1 x trypsin-EDTA for 5-10 min at 37°C. A volume
of 9 ml fresh culture media was then added to the cell suspension, the total volume of
10ml cell suspension was pipetted into a 15 ml Falcon tube and centrifuged for 3 min
at 300 xg to pellet the cells. The trypsin-EDTA-containing media was carefully
aspiratedleaving an undisturbed cell pellet. Cells were resuspended in 10 ml fresh
growth media. For the MDA-MB-231, MCF7 and HEK293 cell lines, 1 ml of the cell
suspensionwas returned to a T75 culture flask then 9 ml fresh media was added to
sustain the cells until the next passage. For the BT20 cell line, 3 ml of the cell
suspension was returned to a T75 culture flask then 7 ml fresh media added to

sustain the cells until the next passage.

For use in assays, cell density of the post-passage cell suspension was measured
using a Countess™ [l automated cell counter (ThermoFisher Scientific,
Massachusetts, USA). A volume of 10 ul of the cell suspension was mixed with a
volume of 10 pl of Trypan blue within a 500 pl volume Eppendorf® tube, then 10 pl of
this mixture was carefully pipetted onto a Countess™ cell counting chamber slide and
was loaded into the counting chamber to obtain the ratio and number of live to dead
cells within the suspension. Live cell values were utilised for calculation of
experimental seeding densities. To maintain low-passage cell stocks, samples of each
cell line were stored in liquid nitrogen. To generate these, 0.75 ml of the post-passage
cell suspension was added to 0.75 ml of 2 x freeze media (80% FCS; 20% dimethyl
sulfoxide (DMSO) (v/v)) and was transferred to 2 ml cryovials. The cryovials were

transferred to Mr. Frosty™ freezing containers and were incubated at -80°C
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overnight to allow for a gradual decrease in temperature before storage in liquid
nitrogen (vapour phase). To produce conditioned media, serum-free media (Serum-)
was added onto cell monolayers grown to fifty percent confluence and was incubated
for 48 hrs. Confluence was calculated using cell number at seeding and cellular
doubling time. The resultant conditioned media was centrifuged at 1500 xg for 12
min to remove large cellular debris."'® Both BT20 and MDA-MB-231 cells were used

to generate conditioned media (BT20-CM and MDA-CM, respectively).

For EV isolation, we utilised a protocol from Li et al.'®” A volume of 50 ml of conditioned
media was initially spun down at 300 xg for 10 min using a Beckman Coulter Optima
XL-90 swinging rotor ultracentrifuge (355896, California, USA) to get rid of any cells.
Following which the supernatant was spun down at 2,000 xg for 10 min to get rid of
dead cells, then 10 000 xg for 30 min to get rid of cell debris.'®” Finally, the supernatant
was spun at 100 000 xg for 70 min to pellet all EV types. The EVs were resuspended
in serum-free media equal to the remaining volume of supernatant, which contained

the soluble factors.97

3.3) Investigating cellular attachment utilisinq a crystal violet assay

Table 3.3: Crystal violet reagents and materials

Crystal violet Supplier City & Country Catalogue number

Reagents

Glutaraldehyde Sigma Aldrich St Louis, Missouri, G6257
USA

Crystal violet Sigma Aldrich St Louis, Missouri, C6158
USA

Triton™ X-100 Sigma Aldrich St Louis, Missouri, X100
USA

Materials

96-well plate Greiner Bio-One Kremsmunster, 655201

Austria
Method

The MDA-MB-231, MCF7 and BT20 cell lines were seeded at a density of 5 x 104
32
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cells/ml in sterile 96-well culture plates at a volume of 200 pl/well and incubated
overnight at 37°C. The next day, media was aspirated and 200 pl/well of Serum+
media, Serum- media, EE-15-one (C8) a methoxy-estradiol derivative, BT20-CM or
MDA-CM and were incubated for 24 hrs, 48 hrs or 72 hrs. Background control
samples were included, in which empty wells were incubated withthe crystal violet
dye. The absorbance measurements from the control samples were subtracted from
the absorbance values obtained from the experimental samples for normalisation. At
the end of each incubation timepoint, media was aspirated from each well and 100 pl
of 1% (v/v) glutaraldehyde was added and incubated for 15 min at room temperature.
The glutaraldehyde was discarded, cells stained with 100 pl of 1% (w/v) crystal violet
dye and incubated at room temperature for 30 min. After incubation, the dye was
discarded, and plates submerged in tap water to wash off any unbound dye. The plates
were left to air dry overnight. To solubilize the dye from the cells, 200 ul of 0.2%
Triton™ X-100 (v/v) was added to each well and incubated at room temperature for
30 min. The absorbance of the solubilised dye was measured using a Biorad iMark
microplate spectrophotometer at a wavelength of 570 nm. The experiment was
repeated for a minimum of three independent biological repeats, in which each data

point was performed with three technical repeats.

3.4) Investigating cell migration utilising a scratch assay

Table 3.4: Scratch assay materials

Scratch assay Supplier City & Country Catalogue number
Materials
12-well plate Greiner Bio-One Kremsmunster, 665180
Austria
200 pl volume yellow Lasec Cape town, South 732008
pipette tip Africa
Method

The MDA-MB-231 and BT20 cell lines were seeded into sterile 12-well culture plates
at densities of 2.5 x 10* cells/ml and 4 x 10* cells/ml, respectively, at a volume of 1000

pl/well. These cell densities were optimised prior to commencement of the assay
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using densities ranging from 1 x10* cells/ml to 5 x 10* cells/ml. Cell density selected
following the formation of a monolayer where confluence is approximately 90%. The
cells were left to grow overnight 37°C then a sterile 200 ul volume yellow pipette tip
was used to scratch thecell monolayer from one end of the well to the other, creating
a cell free zone. Detached cells were gently washed away using 1 ml PBS. The cells
were then treated with conditioned media (MDA-CM or BT20-CM) or control media
(Serum+ media or Serum- media). Images of the cell free zones at ‘0O-hr’ (before)
were taken with a Zeiss Axiovert inverted microscope (Zeiss, Germany) immediately
after treatment. Cells were then incubated at 37°C for an 18-hr period. After which,
an '18-hr’ (after) image was taken for each treatment condition. Cells along the edge
of the cell free zone areexpected to migrate into the zone at different rates as a result
of the effects of the different treatments The crossing point of the scratches was
used as a reference point for images to be taken. The change in width of the cell free
zone was calculated using Image J analysis software and the percentage difference
in surface area was used asa proxy for cell migration. The experiment was repeated
for a minimum of three independent biological repeats, in which each data point was

performed with a minimum of three technical repeats.

3.5) Investigating the effect of conditioned media treatment on the cell cycle

utilising flow cytometry

Table 3.5: Flow cytometry reagents and materials

Flow cytometry Supplier City & Country Catalogue number

Reagents
Trypsin-EDTA Invitrogen California, USA 25200056
DMEM Invitrogen California, USA 10566016
FCS Invitrogen California, USA 10499044
Ethanol Sigma Aldrich St Louis, Missouri, 24194

USA
Propidium iodide Sigma Aldrich St Louis, Missouri, 81845

USA
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Ribonuclease A Sigma Aldrich St Louis, Missouri, R4875
USA

Materials

6-well plate Greiner Bio-One Kremsmunster, 657960
Austria

Polypropylene sample Beckman Coulter California, USA 2523749

tubes

15 ml Falcon tubes Lasec Cape town, South *
Africa

* Consumables obtained from Lasec; link:

https://www.lasec.com/catalogue/consumables/bioscience-plastics.html

Method

The MDA-MB-231 and BT20 cell lines were seeded in sterile 6-well culture plates at a
density of 2.5 x 10° cells/ml at a volume of 2ml/well. The cells were incubated
overnight at 37°C then treated with conditioned media (MDA-CM or BT20-CM) or
control media (Serum+ media or Serum- media), following which, the cells were
incubated for a 72-hr period. The cells then underwent a 3 x 5 minutes PBS wash,
following which the cells were incubated with 1 ml per well of 1 x trypsin-EDTA for 8
mins and then were resuspended in 1 ml of growth media. The resultant cell
suspensions were transferredto 15 ml Falcon tubes then centrifuged for 5 min at 300
xg and the supernatants were carefully aspirated. The pellets were resuspended in
ice cold PBS containing 0.1% FCS. Subsequently, 4 ml of 70% ethanol (v/v) was
added in a drop-wise manner whilst vortex mixing the suspensions at very slow
speeds to ensure fixation of all cells and minimize cell clumping. Samples were kept
at 4°C, undergoing fixation for at least 30min. (Note: Samples can be kept at these
conditions for several weeks). After fixation, cells were washed with PBS via
centrifugation at 300 xg for 5 min and careful aspiration of the supernatant. Cells
were then resuspended in 750 ul PBS added to 200 ul propidium lodide (Pl) (40
pMg/ml) and 50 pl ribonuclease A (100 pg/ml) and were incubated at room
temperature for 5 to 10 min. The cell suspensions were then slowly mixed before
transfer of 1 ml volumes to polypropylene sample tubes. Fluorescence intensity of

the samples was then measured using a CytoFLEX® flow cytometer (Beckman
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Coulter, California, USA). Cell cycle distributions were calculated using Kaluza and
Kaluza C analysis software from Beckman Coulter which assigned relative DNA
content per cell to the phases of the cell cycle. The experiment was repeated fora
minimum of three independent biological repeats, in which each data point was

performed with a minimum of three technical repeats.
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3.6) Immunohistochemistry

Table 3.6: Immunohistochemistry reagents and materials

Immunohistochemistry | Supplier City & Country Catalogue number

Reagents

DMEM Invitrogen California, USA 10566016

DMEM (phenol red-free) Invitrogen California, USA 31053044

Ham’s F12 Invitrogen California, USA 21765029

PFA Sigma Aldrich St Louis, Missouri, P6148
USA

Triton™ X-100 Sigma Aldrich St Louis, Missouiri, X100
USA

BSA Sigma Aldrich St Louis, Missouri, A7030
USA

DAPI Invitrogen California, USA C6158

Phalloidin (Actin) Abcam Cambridge, UK Ab176753

Anti-FAK (EP695Y) Abcam Cambridge, UK Ab40794

Alexa Fluor 350® (DaM) Abcam Cambridge, UK Ab150105

4HT Sigma Aldrich St Louis, Missouri, T5648
USA

Agarose Bio-Rad California, USA 1613102

Urea Sigma Aldrich St Louis, Missouri, u5378
USA

D-sorbitol Sigma Aldrich St Louis, Missouri, S1876
USA

Glycerol Sigma Aldrich St Louis, Missouri, G5516
USA

DSMO Invitrogen California, USA D12345

Materials

24-well plate Greiner Bio-One Kremsmunster, 657960

Austria
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96-well plate Greiner Bio-One Kremsmunster, 655201
Austria

8-well microplate Zeiss Oberkochen, *

Germany

12 mm coverslips Lasec Cape town, South 1000F-02-1009
Africa

Glass microscopy slides Lasec Cape town, South 03052020
Africa

Eppendorf tubes Sigma Aldrich St Louis, Missouri, EP0030124707

USA

50 ml Falcon tube Greiner Bio-One Kremsmunster, 210270

Austria

* Consumables obtained from Lasec; link:

https://www.lasec.com/catalogue/consumables/bioscience-plastics.html

3.7) Investigating cell adhesion architecture post treatment with conditioned

media using confocal microscopy

Method

BT20 cells were seeded at a density of 7 x 10* cells/ml onto 12 mm glass microscopy
cover slips, in 24-well culture plates at a volume of 1 ml/well and were incubated at
37°C overnight to allow attachment. Cells were treated with conditioned media
(MDA-CM or BT20-CM) and control media (Serum+ media or Serum- media) for 48
hrs at 37°C. After incubation, media was aspirated and 1 ml of 2% paraformaldehyde
(PFA) (v/v) was added to the wells and incubated at room temperature for 15 min
making sure to cover the sampleswith foil due to light sensitivity. The PFA was then
aspirated and samples washed at least three times with PBS before addition of 1 ml
of 0.2% Triton™ X-100 and furtherincubation for 5 min. Samples were then washed
at least three times with PBS before addition of 0.5 ml of 2% bovine serum albumin
(BSA) (w/v) in PBS and incubation for 1 hr at room temperature to block. The
blocking solution was then removed, and the cover slips washed at least three times

with PBS. To detect FAK, a rabbit monoclonal anti-FAK antibody was used (EP695Y;
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Abcam; Cambridge; UK) and to detect actin, mouse phalloidin (Ab176753; Abcam;
Cambridge; UK) dye was used. A volume of 20 ul of the primary antibody for focal
adhesions — FAK (1:500) and actin fibres phalloidin (1:500) - was ‘spotted’ onto
wrapping film in a drop-wise manner and slides were placed facing downwards onto
the antibody. The slides were incubated for an hour then washed at least three times
with PBS. The slides were then placed facing downwards onto the Alexa Fluor 350®
DaM (150105; Abcam; Cambridge; UK)secondary antibody (1:200) and incubated for
30-60 min. Afterwards, the slides were washed at least three times with PBS and
mounted onto glass slides using 4’,6- diamidino-2-phenylindole (DAPI) mounting
fluid. Confocal images were taken using the 63x oil objective of a LSM800 confocal

microscope (Zeiss, Germany).

3.8) Investigating the effect of MDA-CM on BT20 cells using real-time confocal
microscopy

BT20 cells were seeded at a density of 2 x 10* cells/well in 8-well confocal microplates
and were and incubated at 37°C for 4 hrs in a humidified chamber of a Zeiss LSM800
confocal microscope (Zeiss, Germany). Cells were then treated with conditioned
media (MDA-CM or BT20-CM) and control media (Serum+ media; C8). To allow for
time for treatment to take effect, cells were incubated for a further 4 hrs before
recording commenced, with the camera taking a frame-by-frame image every 20 min
for a 24-hr period. Cell protrusions, cell rounding and apoptotic cells were quantified
every 2 hrs using Image-J analysis software. The experiment was repeated for a
minimum of three independent biological repeats, in which each data point was

performed with a minimum of three technical repeats.

3.9) Investigating the colour switch system using confocal microscopy

The MDA-MB-231 cell line was grown in complete DMEM and the BT20 cell line in
media comprising of 50% complete DMEM and 50% complete Ham’s F-12 media (an

alternative to MEM media). Therefore, for co-culture experiments, cells were grown in
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50% complete DMEM and 50% complete F-12 media, to suit both cell types. To
determine the cell density ratios to use for the co-cultures, a pilot study was conducted
where a 12-well plate was seeded with MDA-MB-231 cells expressing Cre
recombinase and Cyan fluorescent protein (CFP), (MDA-CRE-CFP), at concentrations
of 5 x 102 cells/ml, 1 x 103 cells/ml and 2 x 102 cells/ml at a volume of 1 ml/well. Each
cell density was co- cultured with 1 x 104 cells/ml of the BT20 cell line housing the
switch module (BT20 Switch; See section 3.10) at a volume of 1 ml/well. The cells
were seeded onto 12 mm glass microscopy coverslips. Based on the cell densities
post-incubation, primarily looking at cellular overgrowth, the optimum cell ratio was
determined to be a 1 to 10 ‘MDA-CRE-CFP’ to‘BT20 Switch’ cell. For 2-dimensional
(2D) co-cultures, cells were seeded and allowedto attach overnight at 37°C. Each cell
combination was treated with 3 uM of 4-hydroxy tamoxifen (4HT) and incubated for
at least 48 hrs at 37°C. The following day, the cells were washed with 1x PBS for 3 x

5 min washes, then mounted onto glass microscopy slides.

To generate 3-dimensional (3D) cultures (spheroids), cells were deprived of
attachment to the bottom of the plate promoting attachment to one another. A PBS
border was added to a 96-well plate at a volume of 150 pl per well to prevent media
evaporation. The plates were treated with 2% agarose media (w/v) made from agarose
powder mixed into phenol red-free DMEM media at a volume of 100 ul per well.
Fluorescent cells in suspension were added at 100 ul per well onto the agarose
substrate at a ratio of 1to 4 MDA-MB-231(5 x 103) cells to BT20 cells (2 x 10%). The
plate was incubated for 72 hrs in a humidified incubator to allow formation of the
spheroids. At least half of the spheroids were treated with 4HT and the spheroids
grown for another week with media carefully changed every 72 hrs. Spheroid growth
images were taken at magnifications of 10x and 20x using an Axiovert inverted
microscope (Zeiss, Germany). Using a 1 ml filter tip with the end cut, the spheroids
were gently aspirated and all 4HT-positive ones added to one Eppendorf tube and
4HT-negative ones in another. The spheroids were allowed to settle for 2 min then
the media was carefully aspirated. A volume of 1 ml 4% PFA (v/v) was added to each
tube to fix, andthe tubes were wrapped in foil to protect from light. The tubes were
put in a 50 ml falcon tube and left on a roller overnight at the lowest speed setting. The

following day,the spheroids weashed with PBS for 3 x 5 min washes, carefully allowing
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the spheroidsto settle between each wash. Following this, the spheroids were then

washed for an hour with PBS. The PBS was carefully aspirated, leaving the least

amount possible without disrupting the spheroids. Prior to imaging, the spheroids

were cleared from being opaque using a spheroid clearing solution (20% urea (w/v),
30% D-sorbitol (w/v) and 5% glycerol (w/v) in DMSO). A volume of 200 pl of the

clearing solution was added to each tube for 5 min and incubated at room

temperature, then 1 ml dH20 was added to dilute, before carefully aspirating the

solution. The spheroids were mounted onto glass slides and left to set overnight

before imaging. Confocal images were taken using the 63x oil objective of a LSM800

confocal microscope (Zeiss, Germany).

3.10) Generation of stable cell lines

Table 3.7: Characteristics of the plasmids utilised in making the stable cell lines

Plasmid Vector Gene/lnsert name Selectable Addgene catalog
backbone markers number
CFP pLKO.1 H2B-CFP Puromycin 25998
Switch pLV LoxP-DsRed-LoxP- | Ampicillin 65726
eGFP
Cre pLV CMV.CreERT2 Puromycin none

Table 3.8: Transformation and transfection reagents and materials

Transfection & Supplier City & Country Catalogue number

transformation
Reagents
Qiagen® Plasmid midi Whitehead Modderfontein. 12143
kit Scientific South Africa
Qiagen® tips Whitehead Modderfontein. 12145

Scientific South Africa
Ribonuclease A Sigma Aldrich St Louis, Missouri, R4875
USA
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XtremeGENE™

Sigma Aldrich

St Louis, Missouri,
USA

XTGHP-RO
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Ampicillin Sigma Aldrich St Louis, Missouri, A9393
USA
Puromycin Sigma Aldrich St Louis, Missouri, P9620
USA
LB Broth Sigma Aldrich St Louis, Missouri, L3522
USA
Escherichia coli Sigma Aldrich St Louis, Missouri, CMCO0001
USA
Materials
6-well plate Greiner Bio-One Kremsmunster, 657960
Austria
Petri dishes Greiner Bio-One Kremsmunster, 627860
Austria
0.45um filter Sartorius stedim Gottingen, 00044103
Germany
15ml Falcon tubes Lasec Cape town, South *
Africa

* Consumables obtained from Lasec; link:

https://www.lasec.com/catalogue/consumables/bioscience-plastics.html

Method

DNA transformation and transfection:

For transformation, on the first day, a volume of 1 pl of each plasmid was added into
its own Eppendorf tube. After which, 30 pl of chemically competent XL 10-Gold®
bacteria — Escherichia coli (E. coli) were added into each tube and mixed gently. The
tubes were then left on ice for 10 min before being heat-shocked in a water bath at
42°C for 90 sec. After the water bath, the tubes were immediately put back on icefor 5
min. The increase in temperature triggers expansion and opening of pores to takeup
DNA, whilst the decrease in temperature shrinks cell pores to keep DNA in. 400 pl of
Luria-Bertani broth (LB broth) was then added to each tube and bacteria were
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incubated in a shaker oven at 37°C for an hr. A volume of 200 ul of solution from
each tube was transferred onto agar plates, carefully spreading the solution over the
agar with a glass spreading loop (stored in ethanol). To sterilise the loop, it was moved
over a Bunsen burner then touched onto bare agar to cool it before spreading the
culture. The plates were incubated upside down overnight in an oven at 37°C, covered

by a glass beaker to prevent drying out.

On the next day, in the morning, multiple colonies were observed on the agar plates.
A volume of 3 ml of LB broth containing 100 pg/ml ampicillin was aliquoted into 15 ml
volume tubes. A clean 200 pl yellow pipette tip was used to pick up single colonies
and deposited then into the tubes. The tubes were put into a shaking incubator with
the caps fitted loosely and were incubated for approximately 8 hrs at 37°C. These ‘day
cultures’ were then added to 100 ml LB broth containing 100 pg/ml ampicillin in 2 L

conical flasks, and the flasks were incubated in a shaking incubator at 37°C overnight.

A Qiagen ® Plasmid Midi kit was utilized to extract and purify the propagated plasmids
from the bacterial cultures. The bacteria were harvested from the conical flasks by
centrifuging at 6000 xg for 25 min at 4°C. The bacterial pellet was then resuspended
in 6 ml Buffer P1 (RNAse A solution added to Buffer P1 before use/storage). A volume
of 6 ml of Buffer P2 was added to the solution, mixed thoroughly by vigorously inverting
the tube then incubated at room temperature for 5 min (the solution turned blue). A
volume of 6 ml of prechilled Buffer P3 was then added to the solution, mixed thoroughly
by vigorously inverting the tube then incubated on ice for 15 min, the solution turned
colourless. It was then centrifuged at 20 000 xg for 30 min at 4°C, proceeding to
transfer supernatant into a new falcon tube. A Qiagen® tip was equilibrated by adding
4 ml of Buffer QBT and allowing the column to empty by gravity flow. Supernatant from
the centrifuged solution was applied first to a micro-cloth and falcon tube to filter out
the pellet then to the Qiagen® tip and allowed to enter the resin by gravity flow. The
Qiagen® tip was washed twice with 10 ml Buffer QC allowing the buffer to move
through the tip via gravity flow. DNA was eluted by adding 5 ml Buffer QF into the
Qiagen® tip and collecting the DNA in a clean falcon tube. DNA was then precipitated
by adding 3.5 ml of room temperature isopropanol to the eluted DNA, making sure to
carefully mix. The solution was centrifuged at 15 000 xg for 30 min at 4°C then the

supernatant carefully decanted. The DNA pellet was washed with 2 ml of 70% ethanol
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(v/v), centrifuged the solution at 20 000 xg for 10 min then carefully decanted the
supernatant. Afterwards the DNA pellet was air-dried for 5 to 10 min then redissolved

in a 500 pl distilled water.

For lentiviral production, HEK 293T cells were seeded at 1 x 10° cells/ml in 6-well
plates at a volume of 1ml/well and were incubated at 37°C for 24 hrs. The next day,
cells were washed with PBS and 1 ml fresh growth media was carefully added to the
cells. Each construct wasadded to a separate 1.5 ml volume Eppendorf tube, CRE
(2,300 ng), SWITCH (2,300 ng) and CFP (2,300 ng), with each tube also containing
vesicular stomatitis virus-G (VSV-G; 570 ng) (a viral envelope glycoprotein) and gag-
pol (a plasmid containing genes of the human immunodeficiency virus type 1 (HIV-1)
comprising of gag, encoding for packaging structural precursor protein and pol, the
reverse transcriptase; 1100 ng).'"® Transfection complexes were prepared in each
tube by mixing 100 pl serum-free media, plasmid DNA and X-tremeGENE™
transfection reagent at a ratio of 2 to 1 X-tremeGENE™ to DNA, making sure to add
the transfection reagent last and directly onto the media because it can stick to the
plastic sides of the tube. The solution was immediately vortex mixing after addition of
the transfection reagent and incubated at room temperature for 15 to 30 min before
being added to the wells by directly pipetting it into the media. The cells were
incubated at 37°C overnight. In the morning, transfection media was carefully
replaced with 2 ml of growth media and thecells incubated overnight. The following
day, virus-containing media was harvested and stored at 4°C, then 1 ml of growth
media added to each well, and the plate was incubated overnight. The next day,
virus-containing media was harvested and combined with the media previously
harvested and stored at 4°C. Virus-containing media was filtered using a 0.45 pym

filter and stored at 4°C until use.

Virus-containing media was added to T75 flasks of cells a 50% confluence. For the
BT20 cell line, switch virus-containing media was added then, after 48 hrs of
incubation in fresh media, cells were fluorescently sorted for dsRed positive cells using
FACS (BT20-Switch). For the MDA-MB-231 cell line, Cre virus-containing media was
added, incubated overnight and the virus-containing media replaced with fresh media
in the morning. To obtain a pure Cre-expressing population, cells were selected using
puromycin antibiotic, puromycin was administered to the cells at a concentration

previously determined via a death/kill curve (1 pg/ml). The puromycin was also
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administered to normal MDA-MB-231 cells as a control. Cells were grown under these
selection conditions until all cells were dead in the control flask, this took just over a
week. Afterwards, the Cre-expressing MDA-MB-231 cell line was administered CFP-
virus-containing media overnight. The virus-containing media was replaced with fresh
media in the morning and the cells were incubated for a further 48 hrs. The cell line
was then fluorescently sorted for CFP-positive cells using FACS to obtain MDA-MB-
231 cells expressing both Cre and CFP (MDA-CRE-CFP).

3.11) Resazurin assay

Table 3.9: Resazurin assay reagents and materials

Resazurin Supplier City & Country Catalogue number

Reagents

Resazurin powder Sigma Aldrich St Louis, Missouri, R7017-5G

USA

DPBS ThermoFisher Massachusetts, 14287072
scientific USA

Materials

96-well plate Greiner Bio-One Kremsmunster, 655201

Austria
0.2 um filter Merck Darmstadt, RO9EA25830
Germany

To make resazurin solution, high purity resazurin powder was dissolved in DPBS at
pH 7.4 at a concentration of 0.15 mg/ml to produce a 0.65 mM (w/v) resazurin solution.
The solution was then filtered through a 0.2 um filter into a sterile, light protected
container. The resazurin was stored protected from light at 4°C for frequent use or at

-20°C for long term storage.

Prior to analysing metabolism in cells, the assay was optimised for use with serum

containing medium.'?° For optimisation, MDA-MB-231 cells were seeded at 2.5 x 103

cells/well, and after 24h were exposed to 0.65 mM (w/v) resazurin in serum-positive
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media for 4 hrs before fluorescence was quantified (day zero reading). Next, cells
were exposed to serum positive media or serum-free media and measured using
resazurin at different time- points (24 hr, 48 hr and 72 hr). The results showed that
samples grown and measuredin the serum-free media had higher fluorescence levels
than those in the serum positive medium. Further testing showed that including
serum in the medium when adding resazurin for 4 hrs reduced fluorescence
(Appendix A). Hence, we adapted ourassay to only measure resazurin in serum-free

medium (Appendix B).

Method

MDA and BT20 cells were seeded in 96-well plates at 2.5 x 103 cells/well and were
allowed to attach by overnight incubation at 37°C. The next day, the plates were
treated with conditioned media (MDA-CM or BT20-CM) and control media (Serum+
media or Serum- media). The day zero wells were then aspirated, treated with serum-
free media containing resazurin at a total volume of 120 pl (comprising of 20 ul
resazurin solution and 100 pl serum-free media at a 1 to 5 ratio). Three empty wells
were treated with resazurin at the same time to act as media only blanks. The plates
were covered with foil and incubated for 4 hrs at 37°C. The fluorescence was read on
a BMG Fluostar® (BMG Labtec, Ortenberg, Germany) at 595 nm using a constant
gain. To obtain the gain, serial dilutions of the sample we expect to obtain the highest
metabolism from (those treated with Serum+ media) were made and measured using
the Floustar’s automatic gain function. The following day, media was aspirated from
the 24 hr samples, and these wells and three empty wells were treated with resazurin,
as described above. The fluorescence was read on the BMG Fluostar® at 595 nm
using the previously determined gain. This was repeated for the 48 hr and 72 hr time

points.

3.12) Statistical analysis

Quantitative data analysis was carried out using GraphPad Prism software (version 5,
San Diego, California, USA) and image analysis was done using Image J software.
Experiments consisted of at least three technical repeats and three independent

biological repeats performed. The average of three independent experiments was
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calculated with error bars representing the standard error of the means (SEM) and
statistical significance considered at a p<0.05 using ANOVA, student’'s T-test,

Dunnett’s or Bonferroni post-tests, as appropriate.
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4, RESULTS

4.1: Treatment with conditioned media from the MDA-MB-231 cells inhibits BT20

cell proliferation

To determine if a breast cancer cell line can produce biomolecules that affect the
proliferation of a recipient breast cancer cell line, conditioned media containing
secreted factors of the donor cells were generated and used to treat recipient cells. In
these experiments both MDA-MB-231 and BT20 cells acted as donors and recipients.
Thus, conditioned media was prepared and cells were exposed to normal growth
media (Serum+ media; positive control), serum-free media (Serum- media; baseline
control), EE-15-one (C8, negative control), MDA-CM or BT20-CM. Cell proliferation
wasmonitored for 24-, 48- and 72-hr and was quantified using crystal violet staining

of cells.

In vitro cell culture studies require culture media as a source for nutrients to sustain
the cell lines.'"® The culture media is supplemented with FCS which contains proteins
such as growth factors.’?! Since conditioned media was made by collecting serum-
free media from cells after 48-hr incubation, we used serum positive media as our
positive control whilst serum-free media was our baseline. EE-15-one (C8)
supplemented media was used as a negative control since this compound induces cell
death. A negative control typically would not be expected to cause any notable
change to your variable while the positive control would.''® With these controls we
would be able to determine if conditioned media could promote or inhibit cellular
proliferation. As expected, treatment with serum positive media yielded the highest
cellular proliferation rate compared to the other treatments (with the area under the
curve reaching 6.8 for BT20 cells and 25 for MDA-MB-231 cells) (Figures 4.1. — 4.4)
and the lowest cellular proliferation was observed with the negative control C8
treatment. Serum-free medium supported growth to about half of serum positive
medium, with the area under the curve being 12 for MDA-MB-231 cellsand 3.5 for
BT20 cells (Figures 4.1 —4.4).
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Figure 4.1: MDA-CM has an anti-proliferative effect on BT20 cell growth. Rate of
cellular proliferation as influenced by different treatments over a 72-hr period. Line
graph represents average cell density as determined by crystal violet absorbance.
Treatment of BT20 cells with MDA-CM yielded a decreased rate of cellular proliferation
in comparison to BT20-CM treatment lower than the baseline control Serum-

treatment. (n=4)
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Figure 4.2: MDA-CM has an anti-proliferative effect on BT20 cell growth. Bar
graph of the relative cellular proliferative rate as measured by calculating area under
the curve for the crystal violet assay following treatment of BT20 cells with conditioned
media. C8 yielded the lowest relative cellular proliferation whilst Serum+ treatment
yielded the highest. There is an increase in proliferation with BT20-CM treatment and
a decrease with MDA-CM. Statistical significance determined via a one-way ANOVA
paired with a Bonferroni multiple comparison test against Serum-free media control (P
<0.05). (n=4)
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Table 4.1: One-way ANOVA with Bonferroni’s multiple comparison test for BT20 cells
treated with MDA-CM

One-way analysis of variance

P value <0.0001
P value summary e
Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean t Significant? | Summary
Diff. P<0.05?

BT20-CM vs MDA-CM | 2.514 10.07 Yes o

BT20-CM vs Serum- 1.257 5.033 Yes rE

C8 vs Serum- -2.934 11.75 Yes ok

MDA-CM vs Serum- -1.257 5.033 Yes ok

Serum- vs Serum+ 2.952 11.82 Yes ok

Treatment of the BT20 cell line with conditioned media from the metastatic MDA-MB-
231 cell line was investigated (Figure 4.1). As a control cells were also treated with
conditioned media from BT20 cells. Exposure to BT20-CM increased proliferation
significantly compared to serum-free medium (Figure 4.2). In contrast, MDA-MB-231
conditioned media reduced cellular proliferation of BT20 cells when compared to
serum-free medium, although this reduction was not as large as the effect of C8
exposure. This data suggests that autologous conditioned media contains factors
that can promote proliferation while heterologous conditioned medium from MDA-
MB-231 cells inhibits BT20 proliferation. To investigate if the inhibitory action ofthe
conditioned medium on BT20 cells was specific, conditioned medium from another
breast cancer cell line, MCF7, was administered to BT20 cells along with all the
controls (Figure 4.3). MCF7 conditioned medium did not significantly affect BT20 cell
proliferation (Figure 4.4). As before, BT20 conditioned medium did result in a
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significant increase in proliferation compared to serum-free medium. Thus, MDA-MB-

231 cells produce factors in the medium that inhibit BT20 cell proliferation while MCF7

cells do not.
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Figure 4.3: Conditioned media from the non-metastatic MCF7 breast cancer cell
line has no effect on BT20 cell proliferation. Rate of cellular proliferation as
influenced by different treatments over a 72-hr period. Line graph represents average
cell density as determined by crystal violet absorbance. Treatment of BT20 cells with
MCF7 conditioned media (MCF7-CM) results in a cellular proliferation lower than BT20
conditioned media (BT20-CM). (n=3)
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Figure 4.4: Conditioned media from the non-metastatic MCF7 breast cancer cell
line has no effect on BT20 cell proliferation. Bar graph of the relative cellular
proliferative rate as measured by calculating area under the curve for the crystal violet
assay following treatment of BT20 cells with conditioned media. C8 yielded the lowest
relative cellular proliferation whilst Serum+ treatment yielded the highest. There is an
increase in proliferation with BT20-CM treatment and a slight increase with MCF7-CM.
Statistical significance determined via a one-way ANOVA paired with a Bonferroni

multiple comparison test against Serum-free media control (P < 0.05). (n=4)
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Table 4.2: One-way ANOVA with Bonferroni’s multiple comparison test for BT20 cells

treated with MCF7-CM

One-way analysis of variance

P value <0.0001

P value summary e

Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean |t Significant? | Summary
Diff. P<0.05?

BT20-CM vs MCF7-CM 0.9040 | 3.817 Yes *

BT20-CM vs Serum- 1.516 | 6.402 Yes FrE

C8 vs Serum- -2.368 | 9.999 Yes e

MCF7-CM vs Serum- 0.6120 | 2.584 No ns

Serum- vs Serum+ 3.472 | 14.66 Yes e

To test if the converse was the case and if BT20 cells can

affect MDA-MB231 cell

proliferation, BT20-CM was generated. MDA-MB-231 cells were exposed to BT20-

CM, along with all normal controls (Figure 4.5). Treatment with conditioned medium

from neither MDA-MB-231 nor BT20 cells affected cell proliferation compared to

serum-free medium (Figure 4.6). The C8 control and serumpositive medium inhibited

and enhanced proliferation, respectively, as expected. Thus,the proliferative effect is

specific to MDA-CM.
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Figure 4.5: BT20-CM has no effect on MDA-MB-231 cell proliferation. Rafe of
cellular proliferation as influenced by different treatments over a 72-hr period. Line
graph represents average cell density as determined by crystal violet absorbance.
Treatment of MDA-MB-231 cells with BT20 conditioned media (BT20-CM) yielded a

rate of proliferation similar to that of serum-free media (Serum-). (n=3)
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Figure 4.6: BT20-CM has no effect on MDA-MB-231 cell proliferation. Bar graph
of the relative cellular proliferative rate as measured by calculating area under the
curve for the crystal violet assay following treatment of MDA-MB-231 cells with
conditioned media. C8 yielded the lowest relative cellular proliferation whilst Serum+
treatment yielded the highest. There is a slight increase in proliferation with BT20-CM
treatment and a slight decrease with MDA-CM. Statistical significance determined via
a one-way ANOVA paired with a Bonferroni multiple comparison test against Serum-
free media control (P < 0.05). (n=3)
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Table 4.3: One-way ANOVA with Bonferroni’'s multiple comparison test for MDA-MB-
231 cells treated with BT20-CM

One-way analysis of variance

P value <0.0001
P value summary e
Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean t Significant? | Summary
Diff. P<0.05?

BT20-CM vs MDA-CM | 5.419 3.812 Yes *

BT20-CM vs Serum- 2.987 2.101 No ns

C8 vs Serum- -11.55 8.127 Yes ok

MDA-CM vs Serum- -2.433 1.711 No ns

Serum- vs Serum+ 15.56 10.95 Yes ok

To test if MDA-CM specifically altered BT20 cell proliferationor more generally affects
proliferation of many cell types, the effect of this conditioned medium on MCF7 cells
was also examined (Figure 4.7). No significant changes in proliferation were
observed when cells were treated with MDA conditioned medium when compared to
serum-free medium-treated cells (Figure 4.8). As expected, significant changes in
proliferation were observed in cells treated with C8 or with serum. This suggests that
the inhibitory effect of MDA-CM is restricted to BT20 cells.
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Figure 4.7: MDA-CM does not have anti-proliferative effects on MCF7 cells Rate
of cellular proliferation as influenced by different treatments over a 72-hr period. Line
graph represents average cell density as determined by crystal violet absorbance.
Treatment of MCF7 cells with MDA-MB-231 conditioned media (MDA-CM) had no

adverse effects on cell proliferation. (n=3)
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Figure 4.8: MDA-CM does not have anti-proliferative effects on MCF7 cells. Bar
graphof the relative cellular proliferative rate as measured by calculating area under
the curve for the Crystal violet assay following treatment of MCF7 cells with
conditioned media. C8 yielded the lowest relative cellular proliferation whilst Serum+
treatment yielded the highest. There is a slight increase in proliferation with MCF7-CM
and MDA-CM treatment. Statistical significance determined via a one-way ANOVA
paired with aBonferroni multiple comparison test against Serum-free media control (P
<0.05). (n=3)
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Table 4.4: One-way ANOVA with Bonferroni’s multiple comparison test for MCF7 cells
treated with MDA-CM

One-way analysis of variance

P value <0.0001
P value summary i
Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean t Significant? | Summary
Diff. P<0.05?

MCF7-CM vs MDA-CM -0.5960 0.7681 No ns
MCF7-CM vs Serum- 1.268 1.634 No ns

C8 vs Serum- -4.348 5.603 Yes o
MDA-CM vs Serum- 1.864 2.402 No ns
Serum- vs Serum+ 13.55 17.47 Yes ok
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4.2: MDA-MB-231 cell conditioned media does not decrease cellular metabolism
of BT20 cells

The crystal violet data suggested that MDA-MB-231 cells produce soluble factors that
have an anti-proliferative effect on BT20 cells. To determine if the observed decrease
in proliferation correlates with a decrease in cellular metabolism, a resazurin
reduction assay was utilized. The resazurin assay measures the reductive potential of
cells which is a proxy of cellular metabolism through the measurement of the

fluorescence produced by conversion of resazurin to resorufin.'2°

Similar to the crystal violet assays, cells were seeded in serum positive media, allowed
to attach, before being treated with the respective conditioned media or control
treatments for 24, 48, or 72 hrs before an endpoint reading was obtained using the
resazurin assay. Although not significantly different from cells treated with serum-free
media, BT20 cells exposed to MDA-CM had the lowest cellular metabolic rate
(Figures 4.9 and 4.10). As expected, a significant increase in relative metabolism,
compared to serum-free medium exposed cells, was measured in cells exposed to
serum containing media. Thus, it appears that the anti-proliferative effect of MDA-CM
on BT20 cells does not correlate with an inhibition of cellular metabolism. Treatment
of MDA-MB-231 cells with BT20-CM, had no significant effect on metabolism
similarly to the crystal violet data (Figures 4.11 and 4.12), although it is important to

note that it was higher than that of MDA-CM and the serum -free media control.
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Figure 4.9: Conditioned media from the MDA-MB-231 cell line does not decrease
BT20 cell metabolism. Resazurin assay showing fluorescence following treatment of
BT20 cells with MDA-MB-231 conditioned media (MDA-CM). MDA-CM yielded the
lowest cellular metabolism, lower than that of cells treated with serum-free media
(Serum-). Line graph represents cell metabolism as determined by resazurin

reduction. RFU — Relative fluorescent units. (n=3)
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Figure 4.10: Conditioned media from the MDA-MB-231 cell line does not
decrease BT20 cell metabolism. Bar graph of the relative cellular metabolic rate as
measured by calculating relative area under the curve for the resazurin assay following
treatment of BT20 cells with MDA-MB-231 conditioned media (MDA-CM). MDA-CM
yielded the lowest cellular metabolism whilst Serum+ treatment yielded the highest.
Statistical significance determined via a one-way ANOVA paired with a Bonferroni
multiple comparison test against Serum-free media control (P < 0.05). RU — Relative

metabolism units. (n=3)
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One-way analysis of variance
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P value 0.006
P value summary >
Are means significantly Different? (P<0.05) Yes
Bonferroni’s Multiple comparison test
Groups Mean T Significant? | Summary
Diff. P<0.05?

Serum- vs Serum+ -785600 |4.234 Yes *
Serum- vs BT20-CM -235377 | 1.268 No ns
Serum- vs MDA-CM 95758 0.5161 No ns
Serum+ vs BT20-CM 550223 2.965 No ns
Serum+ vs MDA-CM 881357 4.750 Yes >
BT20-CM vs MDA-CM | 331135 1.785 No ns
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Figure 4.11: Conditioned media from the BT20 cell line does not decrease cell
metabolism in MDA-MB-231 cells. Resazurin assay showing cell fluorescence
following treatment of MDA-MB-231 cells with BT20 conditioned media (BT20-CM).
MDA-CM yielded a cellular metabolism profile similar to Serum- treatment. Line graph
represents cell metabolism as determined by resazurin reduction. RFU — Relative

fluorescent units. (n=3)
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Figure 4.12: BT20 CM does not decrease cell metabolism in MDA-MB-231 cells.
Bar graph of the relative cellular metabolic rate as measured by calculating relative
area under the curve for the resazurin assay following treatment of MDA-MB-231
cells with BT20 conditioned media (BT20-CM). MDA-CM yielded a relative metabolic
profile similar to Serum- whilst Serum+ treatment yielded the highest. Statistical
significance determined via a one-way ANOVA paired with a Bonferroni multiple
comparison test against Serum-free media control (P < 0.05). RU — Relative

metabolism units. (n=3)
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Table 4.5: One-way ANOVA with Bonferroni’'s multiple comparison test for MDA-MB-
231 cells treated with BT20-CM

One-way analysis of variance

P value 0.0007
P value summary e
Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean Diff. |t Significant? | Summary
P<0.05?
Serum- vs Serum+ - 7.358 Yes i
1.556e+006

Serum- vs BT20-CM -416683 2.203 No ns
Serum- vs MDA-CM -88480 0.4678 | No ns
Serum+ vs BT20-CM 1.139e+006 | 5.387 Yes o
Serum+ vs MDA-CM 1.467e+006 | 6.939 Yes x
BT20-CM vs MDA-CM 328203 1.735 No ns

4.13: Medium fractionation of MDA-MB-231 conditioned medium does not alter

the cellular metabolism of BT20 cells

Cells secrete soluble factors into the medium over time but can also deposit different
membrane bound vesicles or exosomes through exocytosis. Several different types of
extracellular vesicles can be generated by cells as discussed earlier (Section 1.5).
Most of these can be isolated from the conditioned medium through differential
centrifugation. To discriminate between soluble factors or insoluble vesicle-derived
factors, conditioned medium from MDA-MB-231 cells was centrifuged and the pellet
and supernatants used separately to treat BT20 cells. Resazurin reduction was then
measured. As seen above, MDA-CM does not increase cellular metabolism within
BT20 cells (Figure 4.10) and although BT20-CM results in metabolism higher than
SFM and MDA-CM treatment, it was not a significant increase (Figure 4.12).

Therefore, without surprise, upon fractionation of the conditioned media, we observed
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that neither pellet nor supernatant had any significant effect on cellular metabolism
(Figures 4.14 and 4.15). Similarly, as with the entire BT20-CM, treatment of MDA-
MB-231 cells with fractionated BT20-CM caused no significant changes to
metabolism when compared with serum-free medium treated cells (Figure 4.16 and
4.17)
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Figure 4.14: Neither pellet nor supernatant from fractionated MDA-MB-231
conditioned media has an adverse effect on BT20 cell metabolism. Supernatant
(CM supernatant) and pellet (CM Pellet) media treatment yielded fluorescence similar
to that of Serum- treatment. Line graph represents cell metabolism as determined by

resazurin reduction. RFU — Relative fluorescent units. (n=3)
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Figure 4.15: Neither pellet nor supernatant from fractionated MDA-MB-231
conditioned media has an effect on BT20 cell metabolism. Bar graph of the relative
cellular metabolic rate as measured by calculating relative area under the curve for
the resazurin assay following treatment of BT20 cells with fractionated MDA-MB-231
conditioned media (MDA-CM). Supernatant (CM supernatant) and pellet (CM Pellet)
media treatment yielded a metabolic profile relatively similar to that of serum-free
media (Serum-). Statistical significance determined via a one-way ANOVA paired with
a Bonferroni multiple comparison test against Serum-free media control (P < 0.05). RU

— Relative metabolism units (n=3)
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Table 4.6: One-way ANOVA with Bonferroni's multiple comparison test for BT20 cells
treated with fractionated MDA-CM

One-way analysis of variance

P value 0.0062
P value summary *
Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean Diff. |t Significant? | Summary
P<0.05?

Serum+ vs Serum- 1.592e+006 | 4.198 Yes *

Serum+ vs CM 1.614e+006 | 4.255 Yes *

Supernatant

Serum+ vs CM Pellet 1.672e+006 | 4.408 Yes *

Serum- vs CM 21468 0.05661 | No ns

Supernatant

Serum- vs CM Pellet 79480 0.2096 No ns

CM Supernatant vs Pellet | 58012 0.1530 No ns
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Figure 4.16: Neither pellet nor supernatant from fractionated BT20 conditioned
media has an effect on MDA-MB-231 cell metabolism. Supernatant (CM
supernatant) and pellet (CM Pellet) media treatment yielded fluorescence similar to
that of Serum- treatment. Line graph represents cell metabolism as determined by

resazurin reduction. RFU — Relative fluorescent units. (n=3)
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Figure 4.17: Neither pellet nor supernatant from fractionated BT20 conditioned
media has an effect on MDA-MB-231 cell metabolism. Bar graph of the relative
cellular metabolic rate as measured by calculating relative area under the curve for
the resazurin assay following treatment of MDA-MB-231 cells with BT20 conditioned
media (BT20-CM). BT20-CM yielded a relative metabolic profile slightly higher than
Serum- treatment. Statistical significance determined via a one-way ANOVA paired
with a Bonferroni multiple comparison test against Serum-free media control (P <
0.05). RU — Relative metabolism units (n=3)
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Table 4.7: One-way ANOVA with Bonferroni’s multiple comparison test for MDA-MB-
231 cells treated with fractionated BT20-CM

One-way analysis of variance

P value 0.002
P value summary >
Are means significantly Different? (P<0.05) Yes

Bonferroni’s Multiple comparison test

Groups Mean Diff. |t Significant? | Summary
P<0.05?

Serum+ vs Serum- 2.639e+006 | 6.013 Yes x
Serum+ vs CM 2.039e+006 | 5.175 Yes o
Supernatant

Serum+ vs CM Pellet 2.006e+006 | 5.091 Yes o
Serum-vs CM -330405 0.9375 No ns
Supernatant

Serum- vs CM Pellet -363311 1.031 No ns

CM Supernatant vs Pellet | -32905 0.09337 | No ns

4.3 The biomolecules transferred from MDA-MB-231 cells to BT20 cells promote

cell rounding and apoptosis

The crystal violet data suggests that conditioned medium from MDA-MB-231 cells
inhibits proliferation of BT20 cells. To further define the anti-proliferative effect of the
MDA-MB-231 conditioned medium, real time light microscopy of BT20 cells treated
with MDA-MB-231 conditioned media was utilised to analyse morphological changes
over time. Morphology was classified into three categories relating to cell health,
namely cell rounding, apoptotic bodies and cells with protrusions. C8 exposure was
used as a control to induce cell rounding and apoptosis while serum-free and serum

containing media were used as the baseline and positive controls. Quantification of
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the three categories was performed via manually counting of categorised cells present
in each frame every 3 hrs for a 24-hr period using Image-J analysis software (Figure
4.19). MDA-CM resulted in a gradual decrease in BT20 cellular protrusions from 0.8
to 0.5 ratio of cells with protrusions to the total, while a gradual increase in cell
rounding from 0.2 to 0.4 ratio of rounded cells to the total and a gradual increase in
the presence of apoptotic bodies from 0 to 0.5 ratio of apoptotic cells to the total was
observed over time. Serum treatment resulted in a constant cellular morphology
profile where cell rounding, apoptotic bodies and protrusion numbers did not change
significantly. Treatment of BT20 cells with BT20-CM also did not cause any changes
in any of the categories over time. As expected C8 exposure resulted in an increase
in the presence of apoptotic bodies and a decrease in cells with protrusions. Area
under the curve analysis was performed to directly compare theeffects of the different
conditions (Figure 4.20). Importantly, MDA-CM significantly increased the presence of
apoptotic bodies of BT20 cells to 1.6 ratio of cells when compared to serum exposed
cells (0.6) while C8 induced the presence of apoptotic bodies to a level of 4 ratio of
cells. Conversely, no significant difference between serum exposed and MDA-CM
exposed cells were observed with regards to cell rounding and the presence of

protrusions.
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Figure 4.18: MDA-CM increases cell rounding and apoptosis in BT20 cells over

time. Image frames of three parameters; rounded, apoptotic and cells with protrusions
taken over 24-hrs of BT20 cells treated with MDA-MB-231 conditioned media. There

is a decrease in cell protrusions and an increase in cell rounding and apoptosis over

time. Scale bar = 100 um.
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Figure 4.19: MDA-CM decreases cellular protrusions while inducing an increase

in cell rounding and apoptosis in BT20 cells. Cell number (ratios of the total) for

the three parameters; Rounded, Apoptotic and cells with protrusions taken every three
hours from a movie of BT20 cells treated with MDA-MB-231 conditioned media (n=3).

There is an increase in cell rounding and apoptosis in cells exposed to the conditioned

media compared to BT20-CM and serum positive media. C8 is the positive control.

Statistical significance determined via a one-way ANOVA followed by a Bonferroni

post-test where each cell parameter is compared to one another (P < 0.05). (n=3)
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Figure 4.20: MDA-CM significantly increases cellular apoptosis. Bar graphs of the

ratios of the total for the three parameters representing area under the curve for BT20
cells treated with MDA-CM, BT20-CM, Serum+ media and C8. Along with C8, MDA-

CM resulted in a significant change in cellular morphology. Statistical significance

determined via a one-way ANOVA paired with a Dunnett’s multiple comparison test

with Serum+ treatment as the control group (P < 0.05). (n=3)
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Table 4.8: Dunnett’'s multiple comparison test results for the three parameters of BT20
cells post MDA-CM treatment

Dunnett’s Multiple comparison test

Groups Mean Diff. | Q Significant? | Summary
P<0.057?

Parameter: Apoptotic cells
ANOVA P value <0.0001

Serum+ vs. MDA-CM -1.037 4.376 Yes **
Serum+ vs. BT20-CM 0.0005 0.0021 No ns
Serum+ vs. C8 -3.359 14.18 Yes ol

Parameter: Rounded cells
ANOVA P value 0.0023

Serum+ vs. MDA-CM 1.678 1.374 No ns
Serum+ vs. BT20-CM 1.960 1.605 No ns
Serum+ vs. C8 -4.584 3.753 Yes *

Parameter: Cell protrusions
ANOVA P value 0.0006

Serum+ vs. MDA-CM -0.4503 0.2996 No ns
Serum+ vs. BT20-CM -1.122 0.7466 No ns
Serum+ vs. C8 8.595 5717 Yes *x

4.4: MDA-MB-231 conditioned medium does not affect the actin cytoskeleton or

cell adhesion structures.

A possible explanation for the increased presence of apoptotic bodies and decrease
in cell survival could be that the conditioned medium impacts on cell adhesion and the
actin cytoskeleton. To assess if this was probable, BT20 cells treated with MDA-CM
or serum-free media were fixed and processed to visualise focal adhesions using

antibodies targeted against FAK and a stain specifically bindingto actin fibres.

Analysis by confocal microscopy of the processed cells showed no discernible
differences in the presence or distribution of adhesion structures or in the organisation
of the actin cytoskeleton (Figure 4.21). The lack of changes in adhesion structures and
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the actin cytoskeleton suggests the conditioned medium does not act by inhibiting cell

adhesion.

Figure 4.21: MDA-CM does not alter cell adhesion structure architecture in BT20
cells. Focal adhesions visualised through FAK (red) and actin (green) staining. Co-
stained with DAPI (blue) for the nucleus. There are similar focal adhesion profiles for
BT20 cells treated with serum-free media (top row) and MDA-MB-231 conditioned

media (bottom row). The arrows show regions where actin binds the focal adhesions.

4.5: Treatment of BT20 cells with MDA-MB-231 conditioned medium induces cell

cycle exit.

Since MDA-MB-231 conditioned medium has anti-proliferative effects on BT20 cells,
it was hypothesised that it may be inducing cell death directly or indirectly by inducing
cells to exit the cell cycle. To analyse the effect on cell cycle, cellular DNA content was
assessed by Pl staining and subsequent deconvolution of the DNA contents’

frequency histograms.
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BT20 and MDA-MB-231 cells were seeded, allowed to attach and then treated with
conditioned medium and appropriate controls for 72 hrs. Afterwards, cells were
stained using Pl and fluorescence levels were analysed by flow cytometry using a
CytoFLEX® flow cytometer. The histograms were obtained using Kaluza analysis
software (Figure

4.22 and 4.24). For comparative analysis, the percentage of cells in each part of the
cell cycle was determined and compared between the different treatments (Figures
4.23 and 4.25).

BT20 cells treated with serum-free medium (SFM), serum containing medium
(Serum+) or BT20 conditioned medium (BT20-CM) showed quite similar cell cycle
profiles with about 1.7% in GO, ~75% in G1/S, ~9% in S, and 15% in G2/M, although
there was a small but insignificant increase in GO to ~4.5% in cells in SFM. However,
there was a significant increase in cells in the S phase (~11%) for cells exposed to
serum when compared to cells in serum-free medium (Figures 4.22 and 4.23). In
contrast, exposure of the BT20 cells to MDA-CM yielded a significant increase of cells
in GO to about ~10%, coupled to a significant decrease in cells in G1/S, to ~65%
(Figure 4.23). Thus, MDA-MB-231 conditioned medium increases the proportion of
cells in the G1/S phase, with a proportion of cells also exiting the cell cycle into the GO
phase. Conversely, exposure of MDA-MB-231 cells to conditioned media did not
change the cell cycle profiles except that cells exposed to MDA-MB-231 conditioned
medium had a slightly increased number of cells in the S-phase which is in contrast to
BT20 cells (Figures 4.24 and 4.25).
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Figure 4.22: MDA-CM results in more cells in GO phase of cell cycle. Cell cycle
analysis of the BT20cell line, histograms obtained via propidium iodide staining and

flow cytometry following treatment with media. MDA-CM blocks G1/S phase of BT20
cell cycle and subsequent cell exit into GO phase.
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Figure 4.23: Conditioned media from the metastatic MDA-MB-231 cell lines
results in more quiescent cells in the BT20 cell cycle. Bar graphs representing the
percentage distribution of BT20 cells through the cell cycle post treatment with Serum-
free media (SFM), Serum positive media (Serum+), BT20-conditioned media (BT20-
CM), MDA-MB-231-conditioned media (BT20-CM). Error bars represent mean + SEM.
Statistical significance determined via one-way ANOVA with Dunnett’'s multiple

comparison test comparing all treatments to SFM. (n = 3)
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Table 4.9: One-way ANOVA with Dunnett’'s multiple comparison test for BT20 cells

comparing all treatments to the control — serum-free media (SFM)

Dunnett’s Multiple comparison test

Groups Mean Diff. q Significant? | Summary
P<0.057

ANOVA P value 0.0003

Phase: GO

SFM vs. Serum + 2.573 2.553 No ns

SFM vs. BT20-CM 0.9900 0.9822 No ns

SFM vs. MDA-CM -5.120 5.080 Yes **

ANOVA P value 0.0144

Phase: G1/ S

SFM vs. Serum + 4.197 1.932 No ns

SFM vs. BT20-CM 2.340 1.077 No ns

SFM vs. MDA-CM 9.327 4.293 Yes *

ANOVA P value 0.4053

Phase: G2/M

SFM vs. Serum + -4.537 1.742 No ns

SFM vs. BT20-CM -2.030 0.7795 No ns

SFM vs. MDA-CM -3.233 1.242 No ns

ANOVA P value 0.1009

Phase: S

SFM vs. Serum + -2.410 2.951 Yes *

SFM vs. BT20-CM -1.300 1.592 No ns

SFM vs. MDA-CM -1.237 1.514 No ns
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Figure 4.24: MDA-231 cell cycle relatively unaffected by treatment. Cell cycle

analysis of the MDA-231 cell line, histograms obtained via propidium iodide staining

and flow cytometry following treatment with media. The metastatic cell line remained
relatively unaffected by media treatment.
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Figure 4.25: Treatment of the metastatic MDA-MB-231 cell line with any of the
conditions does not significantly alter the cell lines’ progression through the
cell cycle. Bar graphs representing the percentage distribution of MDA-MB-231 cells
through the cell cycle post treatment with Serum-free media (SFM), Serum positive
media (Serum+), BT20-conditioned media (BT20-CM), MDA-MB-231-conditioned
media (BT20-CM). Error bars represent mean + SEM. Statistical significance
determined via one-way ANOVA with Dunnett’s multiple comparison test comparing
all treatments to SFM. (n = 3)
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Table 4.10: One-way ANOVA with Dunnett’'s multiple comparison test for MDA-MB-

231 cells comparing all treatments to the control — serum-free media (SFM)

Dunnett’s Multiple comparison test
Groups Mean Diff. | q Significant? | Summary
P<0.05?

Phase: GO

ANOVA P value 0.3363

SFM vs. Serum + 0.0167 1.826 No ns

SFM vs. BT20-CM 0.0133 1.461 No ns

SFM vs. MDA-CM 0.0133 1.461 No ns

Phase: G1/ S

ANOVA P value 0.3822

SFM vs. Serum + 0.2533 0.090 No ns

SFM vs. BT20-CM -3.133 1.119 No ns

SFM vs. MDA-CM 2.000 0.714 No ns

Phase: G2/M

ANOVA P value 0.2291

SFM vs. Serum + -0.637 0.255 No ns

SFM vs. BT20-CM 4.647 1.860 No ns

SFM vs. MDA-CM 1.373 0.550 No ns

Phase: S

ANOVA P value 0.0268

SFM vs. Serum + 0.613 0.588 No ns

SFM vs. BT20-CM -0.783 0.750 No ns

SFM vs. MDA-CM -3.247 3.110 Yes *
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4.6: Conditioned media treatment of the MDA-MB-231 breast cancer cell line

does not impact migration rate.

While no proliferative effect of BT20-CM on MDA-MB-231 was observed, it could still
be possible that the non-migratory BT20 cells could release factors that inhibit
migration. To test this hypothesis, the rate of MDA-MB-321 cell migration was
measured using a ‘scratch assay’ where cell monolayers were exposedto different
medias after creation of a cell free zone at time point zero. The cell free zone was
photographed using a Zeiss Axiovert inverted microscope at time point zero(t = 0)
and after 18 hrs (t = 18) of incubation (Figure 4.26-B). The difference in area
representing the migration of cells into the cell free zone was calculated using Image

J analysis software (Figure 4.26-A).

Given the lack of significant changes to the cytoskeleton (see Figure 4.21), and the
non-migratory and non-metastatic nature of the BT20 cell line, we investigated the
impact of conditioned media on the migration rate of the migratory MDA-MB-231 cell
line. MDA-MB-231 cells were seeded and grown to confluency before cell-free zones
were generated and cells allowed to migrate in the presence of serum, absence of
serum, BT20 conditioned medium, or MDA-MB-231 conditioned medium. The data
obtained shows that the cell free zone was completely closed when cells were treated
with serum positive media (Serum+). Serum-free medium-exposed cells migrated 50%
of distance of the cells under serum exposure. Neither exposure to BT20- nor MDA-
MB-231 conditioned medium resulted in a change in migration rate compared to
serum-free media (Figure 4.26A+B). Thus, conditioned medium does not affect appear

to affect cell migration.
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Figure 4.26: Treatment of MDA-MB-231 cells with BT20-CM and MDA-CM does
not influence migration. (A) Percentage wound closure was measured after
treatment (t=0) and an 18-hr incubation (t=18) with different compounds. (B)
Micrographs representing MDA cell migration into a cell free zone over an 18-hr

period. 2.5x Magnification (n=3).
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4.7: Biomolecules are transferred from MDA-MB-231 cells to BT20 cells
4.8.1 Introduction

Since the data showed that MDA-CM impacts BT20 cell proliferation, we then sought
to determine if there is direct transfer of biomolecules from the donor MDA-MB-231
cells to the recipient BT20 cells. To prove that this phenomenon occurs, a
fluorescence visualisation method can be employed that offersdirect proof of molecule
transfer. Previously, Prof. Jacco van Rheenen established such a “colour switch”

system that can track the uptake of biomolecules in individual cells.&
4.8.2 Establishment of donor and recipient cell lines

The colour switch system developed by Prof. van Rheenen is made up of two parts.
Within the construct introduced in the recipient cells, a region encoding a red
fluorophore (dsRed) is flanked by loxP sites and precedes a region encoding GFP
(Appendix E). This means that if Cre recombinase is present in the cell, it will recognise
the loxP sites and excise the DNA sequence between the two sites, thereby removing
the red fluorophore gene and its stop codon. As a result, cells will stop expressing the
red fluorophore and instead switch to expressing GFP (Figure 4.27). The donor cells
are modified to express Cre recombinase under the direction of an estrogen response
element such that Cre will only be expressed in the presence of estrogen or the anti-
estrogen, 4HT. As a marker for donor cell identity, the donor MDA cells also expressed
H2B-CFP which shows up as a blue fluorescence in the nucleus. All plasmids were

introduced stably into the target cells via lentiviral transduction.
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Figure 4.27: The colour switch system is inducible. The active metabolite of
tamoxifen, 4HT, induces the production of the Cre enzyme, which upon endocytosis
by the recipient cell line, the enzyme recombines the recipient cell from expressing
dsRed toexpressing eGFP through excision of dsRED. There is an observed colour

switch fromred to green in the recipient cell.

MDA-MB-231 cells were infected with both Cre-ERT and H2B-CFP-carrying lentivirus
(Appendix C and D respectively), to create the donor cell line “MDA-CRE-CFP”. Pure
cell populations were obtained by FACS sorting for CFP-expressing cells. To show
that the Cre-ERT cells express CFP, normal MDA-MB-231 and CRE-CFP MDA-MB-
231 cells were mounted and stained with DAPI nuclear stain. Images were taken with
settings to detect CFP and DAPI separately (Figure 4.28). Parental MDA-MB-231
breast cancer cells have visible nuclei in the channel for DAPI but no fluorescence is
present in the CFP channel. Conversely, the CRE-CFP MDA-MB231 cells fluoresce
in both the DAPI channel and the CFP channel with the fluorescence perfectly
overlapping indicating that the CFP is located in the nucleus as directed by the H2B

histone sequence it is fused to.
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The recipient cell line was created by infecting the parental BT20 cell line with the
switch module-carrying lentivirus. To ascertain that a pure population was selected,
cells were sorted for red fluorescence using FACS and positive cells were isolated and
expanded. Switch BT20 and parental BT20 cells were fixed and mounted with DAPI
for confocal imaging. As expected, parental BT20 cells fluoresced in the DAPI channel
but no fluorescence was observed in the GFP or dsRed channels. (Figure 4.29-A).
However, the Switch-BT20 cell line not only fluoresced in the DAPI channel as
expected but all cells imaged also showed fluorescence in the dsRed channel (Figure
4.29-B). Importantly, no GFP expression was observed in cells indicating that the
switch module successfully terminated expression of the dsRed protein without any
read through to the GFP gene. Thus, these data confirmed the successful generation
of a stable donor MDA-MB-231 cell line and a recipient BT20 cell line.
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B) Cell line: MDA-CRE-CFP

A) Cell line: MDA-MB-231

MERGE

Figure 4.28: The stable (donor) but not parental MDA-MB-231 cells displayed
CFP fluorescence. Parental MDA-MB-231 cells (A) and the stable fluorophore
expressing MDA-MB-231 cell line (B) were stained with DAPI (dark blue). The

presence of CFP fluorescence (light blue) shows the successful plasmid integration in

the stable cell line.
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B) Cell line: BT20 Switch

Figure 4.29: The stable (recipient) but not parental BT20 cells displayed dsREd

A) Cell line: BT20

MERGE

fluorescence. Parental BT20 cells (A) and the stable fluorophore expressing BT20
cell line (B) were stained with DAPI (dark blue). The presence of dsRed fluorescence

(red) shows the successful plasmid integration in the stable cell line.
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4.8.3 Recipient cells display Cre recombinase dependent colour switch only in the

presence of tamoxifen.

To determine if communication occurs between the donor Cre-CFP MDA-MB-231 cell
line and the recipient Switch-BT20 cell line, Cre recombinase expression was induced
in the Cre-CFP MDA-MB-231 cell line through exposure to 3 yM 4HT. Subsequently,
conditioned media from these cells was collected and the recipient BT20 cells were
incubated with this medium. Control conditioned medium from Cre-CFP cells exposed

only to vehicle control was also collected and used to expose recipient cells.

Cells incubated with the conditioned medium from cells without tamoxifen were all
positive in the red channel with no cells positive in the green channel (Figure 4.30A).
In contrast, recipient cells that were exposed to the conditioned medium from
tamoxifen-positive cells were all positive in the red channel although some showed
lower intensity than others, while a few cells were clearly positive for GFP in the green
channel. These GFP positive cells were also the cells with lower red intensity (Figure
4.30B).
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Figure 4.30: Tamoxifen induces the production of Cre recombinase leading to a

colour switch in recipient cells. A) When BTZ20 cells are treated with conditioned
media harvested in the absence of tamoxifen, there is no colour switching. B) When
BT20 cells are treated with conditioned media harvested in the presence of tamoxifen,
the donor cells produce the Cre enzyme, which is then present within the conditioned

media resulting in colour switching. White arrows represent colour switched cell.

To determine if cells can directly communicate when in close proximity, co-cultures of
the donor and recipient cells were generated. Cells were seeded at a ratio of 1 to 10
‘MDA-CRE-CFP’ to ‘BT20 Switch’ to accommodate the difference in growth rate of the
cell lines. Parented cell lines were also used as controls. Each cell combination was
treated with serum positive media with or without 4HT and incubated for at least 48
hrs at 37 °C.

With the co-culture of the stable cells, in the absence of 4HT, no colour switch was
observed, with no cells positive in the GFP channel, while the recipient cells were
positive in the red channel and the donor cells were positive in the CFP channel
(Figure 4.31). When normal MDA-MB-231 cells were co-cultured with BT20 Switch
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cells and treated with tamoxifen, no GFP-positive cells were observed indicating that
tamoxifen on its own cannot induce a switch (Figure 4.32). When the BT20 Switch cell
line is co-cultured with the MDA-CRE-CFP cell line in the presence of 4HT, thereis an
observed colour switch in BT20 Switch cells from expressing dsRed (red) to eGFP
(green) (Figure 4.33). Thus, these data suggest that the presence of 4HT induces the
production of the Cre enzyme in the donor MDA-CRE-CFP cell line, which is
packaged, enters the medium and is endocytosed by the recipient BT20 Switch cell
line where the Cre enzyme triggers recombination within the recipient cell line inducing
is an observable change in colour. Interestingly, the cells that have undergone colour
switching are in close proximity to one another, suggesting that cells that take up the
enzyme containing EVs could be transferring the enzyme between them through direct
communication e.g. via intracellular junctions such as gap junctions. For Figure 4.33
and 4.34, the co-cultures slides were mounted using DAPI-containing mounting fluid.
Therefore, the non-red but DAPI-positive cells are MDA-MB-231 cells.
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Figure 4.31: There is no colour switching in the absence of tamoxifen for donor
and reporter cell co-cultures. Cre recombinase expressing cells will not produce the
enzyme in the absence of the active variant of tamoxifen, 4HT which induces the
production of the Cre enzyme within the donor cell. There is no recombination at the

switch module and no colour switching occurs. A and B represent repeats.
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Figure 4.32: The normal MDA-MB-231 variant does not produce Cre

recombinase when treated with tamoxifen. The normal MDA-MB-231 cell line

variant does not express Cre recombinase. Therefore 4HT (3 uM) is incapable of
inducing the production of the Cre enzyme within the donor cell. There is no colour

switching. A and B represent repeats.
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Figure 4.33: The MDA-CRE-CFP variant produces Cre recombinase when treated

with tamoxifen resulting in the induction of colour switching. The MDA-CRE-CFP
cell line variant expresses Cre recombinase. Therefore, in the presence of 4HT (3 uM)
there is production of the Cre enzyme within the donor cell. Exchange of extracellular
vesicles containing the enzyme resulted in the induction of colour switching. A and B

represent repeats.
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4.8.4 There is cell-to-cell transfer of Cre recombinase in co-culture 3D spheroids.

To determine if the transfer of biomolecules could occur in a densely packed epithelial-
like tissue (i.e. more closely aligned to a natural tumour environment), we established
3D spheroid co-cultures with the two stable cell lines and treated these with tamoxifen
to determine if any dsRed to GFP switch occurs. Previous studies have shown that 3D
cultures allow for more efficient biomolecule transfer than corresponding 2D cultures.'?
To generate co-culture spheroids, cells were seeded in 96-well plates coated with 2%
agarose and were cultured until spheroids formed. Half of the spheroids were treated
with 4HT and were grown for 7 days, with the medium changed every 72 hrs.
Spheroid growth images were taken (Appendix F). Data similar to the 2D co-cultures
was observed within the 3D co-cultures. When no 4HT is present, despite the
presence of the MDA-CRE-CFP cell line, no recombination resulting in green
fluorescent cells occurs (Figure 4.34A). Upon treatment with tamoxifen, cells were
present that have undergone recombination and have switched from expressing
dsRed to expressing eGFP (4.34B). Interestingly, green fluorescent cells are localised
within the same area of the spheroid in a similar manner to what was observed in 2D

cultures.
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Figure 4.34: Biomolecule transfer occurs in 3D co-culture spheroids after

tamoxifen exposure. [A] Representative image of a BT20/MDA-MB-231 hybrid
spheroid in the absence of 4HT. [B] Representative image of a BT20/MDA-MB-231
hybrid spheroid in the presence of tamoxifen. White arrows represent colour switching

BT20 cells induced by the Cre enzyme.
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5. DISCUSSION

5.1 A metastatic breast cancer cell line secretes biomolecules that decrease the

proliferation of the BT20 cell line

Metastasis is dependent on the migration of cells to a secondary site. During this
process it is likely that cells do not proliferate.’?? This lack of proliferation may be
aligned with the epithelial-to-mesenchymal transition cells undergo before invading
tissue. It is now also clear that metastasis may, at least in part, rely on collective
movement of cancer cells with different subpopulations of the tumour represented in
such migrating colonies.*3 It has been observed that metastatic breast cancer cells
have the ability to coax non-metastatic cells into taking on the appearance and abilities
of metastatic cells. In an compelling study using fluorophores to prove the presence
of biomolecule transfer via extracellular vesicles, it was shown that the transfer of
biomolecules from malignant, metastatic MDA-MB-231 cells to the less malignant
T47D cells conferred a migratory phenotype on the recipient cells.8%123 |t is thus likely
that MDA-MB-231 cells can transfer molecules that promote a migratory, and thus,

anti-proliferative state in recipient cells.

In this report, we tested the hypothesis that MDA-MB-231 cells can transfer molecules
that will inhibit cell proliferation. Firstly, we analysed cell proliferation by measuring cell
number at different timepoints using crystal violet as a quantifiable cell stain. This
method is easy but depends on washing the cells a number of times which may wash
away some cells that are weakly attached potentially skewing the results. Also, no
distinction can be made between induction of cell death or inhibition of proliferation
using this analysis. Neither does it directly measure proliferation itself, to accurately
speak to this, assessment of proliferative markers or DNA content is necessary.
Nonetheless, the assay gives a good indication of cell survival and/proliferation over
time. Conditioned medium was generated by culturing densely growing cells in
serum-free medium and harvesting this after 48h. We compared the conditioned
medium generated from the highly malignant MDA-MB-231 to the migratory but
poorly metastatic MCF7 to the non-metastatic and poorly malignant BT20 breast
cancer cell lines as we believe this in some way may mimic the heterogeneity one
would encounter within a breast tumour. When BT20 cells were treated with

conditioned medium from MDA-MB-231, cell numbers increased at a slower rate
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than those cells grown in serum-free medium only, or those treated with BT20-CM.

In fact, BT20-CM increased the proliferation rate somewhat.

Thus, MDA-MB-231 cells seem to produce anti- proliferative factors that affect BT20
cell survival or proliferation. The anti-proliferative effect was specific to the highly
malignant MDA-MB-231 cell line as treatment of BT20cells with conditioned medium
from the migratory, but poorly metastatic MCF7 cell line did not significantly alter
BT20 proliferation or survival. To test if the anti-proliferative effect of the MDA-CM
was specific to the non- metastatic epithelial-like cancer cells or more general, MCF7
cells were also exposed to this conditioned medium. No significant result was
observed. Moreover, BT20-CM also did not affect MDA-MB-231 cell proliferation.
Thus, our data suggests malignant metastatic breast cancer cells can reduce cell
proliferation of cancer cells that are in an epithelial state. By doing so they may be
removing one of the hurdles for the epithelial cancer cells to become more migratory.
Notably, the T47D cell line is an epithelial one, and when Donnarumma et al looked
at proliferation, migration and invasion effects, they found that the epithelial cell type
is most likely affected, similar to what we observed and hypothesized.'>® Future
works could examine the proliferation, migration and invasion effects on a wider
range of differentbreast cancer lines or primary cell lines to further interrogate this
theory, attempting totease out which cell types or lines are most responsive and why,

in turn, establishing the possible mechanism.

An important caveat when assessing effects of conditioned medium is the potential
effect of nutrition depletion on cell growth. Different cell lines will display different
metabolic rates with highly metabolic cell lines diminishing the nutrient load of medium
faster than slower growing cell lines.'®124125 Others have generated conditioned
medium by allowing cells to reach confluence and subsequently the medium was
changed to serum-free media and cells were then grown in hypoxic conditions (2%
02, 5% CO2) for 72 hrs .'?* In contrast, Takeuchi et al generated conditioned medium
in a more similar way than we did here by allowing cells to reach 80% confluence
before conditioning serum-free media for 48hrs. Moreover, the authors also explore
media depletion as a possible confounding variable.'?6 While they found that the
presence of mesenchymal stem cell (MSC) derived exosomes promoted cellular

migration within human bone marrow derived mesenchymal stem cell (hnMSC), they
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found a negligible effect of media depletion.'?#126 Qur studies always include

conditioned medium generated from the target cell. For instance, when assessing
BT20 cell growth, a control of BT20 cells exposed to BT20 conditioned medium is
included to account for possible medium depletion effects. Our data suggests that
medium depletion is not a significant factor since BT20 conditioned medium did not
inhibit cell proliferation when compared to cells grown in serum-free medium. Thus,
any effect observed can reliably be relayed to factors or vesicles secreted by the donor

cells into the medium.

While crystal violet-based analysis can indicate effects of proliferation or survival, it is
a limited analysis and can be easily misinterpreted. We therefore performed further
analyses to understand exactly how the MDA-CM affected BT20 cell proliferation or
survival. Cell health was assessed by measuring cellular metabolism through the
quantification of resazurin reduction. Unlike with the crystal violet assay, BT20
cellular metabolism, as quantified by resazurin reduction, did not change when cells
were exposed to MDA-CM. Cells exposed to serum did however have a higher
metabolism compared to the serum-free exposed cells indicating that cells do
respond to the growth factors in the serum by increasing their metabolism and
confirming the validity of the assay for measuring cellular metabolism. The data
suggests that there may be a combination of soluble factors andextracellular vesicles
are responsible for the anti-proliferative effect of MDA-MB-231 conditioned medium
on BT20 cells. However, it is also possible that the processing ofthe conditioned
medium negatively impacts on this ability. Another possibility, especially when
interrogating the differences between the crystal violet and resazurindata is that MDA-
CM only triggers cellular detachment leading to apoptosis within the BT20 cell line,
which is then interpreted as a decrease in cellular proliferation via the crystal violet
assay although not necessarily due to proliferation or cell number, the resazurin
assay consists of less washing steps so the detached cells acted upon by MDA-CM
are not lostin the assay, with the microscopy data possibly supporting this via the
observed increase in cell rounding and apoptosis (see section 4.4). Unfortunately,
crystal violet assays with the fractionated medium were not carried out prohibiting us
from determining if soluble factors or extracellular vesicles are responsible for the

effect onBT20 proliferation or survival.
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5.2 MDA-CM induces cellular rounding and the appearance of apoptotic bodies

To further investigate the effect of the conditioned medium on BT20 cells, cell
morphology was classified over time to identify if there is a specific change in
morphology. An inverted light microscope with climate control was used to generated
images over time for this experiment and ImagedJ software was used for the analysis.
Morphology of individual cells were classified as (i) having cellular protrusions -
meaning the cells are well attached, spread and form protrusions indicating activity.
This is most common in healthy cells growing in sub-confluent density. (ii) Being
rounded - cells in this class would be highly refractive or bright with a small cell body
and no protrusions. This state indicates that a cell is dividing or is retained in mitosis
or is in the early process of dying through apoptosis. (iii) Having apoptotic bodies -
while not always easy to observe, the presence of multiple small amoeboid bodies
around the larger cell body is suggestive of a cell in late apoptosis. Our data showed
that conditioned medium from BT20 cells had no effect on the prevalence of the three
classes when compared to cells grown in serum conditions. This was expected as it
has been previously reported in literature that cells exposed to conditioned medium
from the same cell line do not suffer adverse effects.'?* In contrast, MDA-MB-231
conditioned medium exposure induced a gradual decrease in the prevalence of cells
with cellular protrusions while both rounded cells and cells with apoptotic bodies
increased. Since there is an increase in rounded and apoptotic cells rather than no
increase, we can conclude that the conditioned medium does not merely inhibit
proliferation but may in fact be inducing apoptosis. Thus, the crystal violet results

together with this data point to a pro-apoptotic effect of the medium on BT20 cells.

5.3 MDA-MB-231 conditioned medium induces BT20 cells to exit the cell cycle

Cells, including cancer cells, progress through the cell cycle to proliferate through
division."?” Inherent control mechanisms in healthy cells will induce cell cycle exit or
senescence when signalled to do so. In contrast, cancer cells override these controls
to become immortalised which results in continuous proliferation. This process can be
influenced by external signals such as growth factors. This may result in increased
proliferation or it could induce cell cycle exit or apoptosis.’?® As we have seen that

BT20 cells become rounded and display apoptotic bodies in increasing numbers when
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they are exposed to MDA-CM. We hypothesised that this phenomenon is related to
an increase in cell death and a reduction in cells actively progressing through the cell
cycle. Indeed, cell cycle analysis indicates that when BT20 cells were treated with
MDA-CM more cells were present in the sub-G1 phase when compared to cells
exposed to serum-free medium. Additionally, the percentage of cells in G1/S are
reduced. Together, these data suggest that cells are blocked at the G1 phase
leading to their exit into GO. Exit into GO and blockage of G0/1 does eventually lead
to apoptosis which correlates with thecell morphology analysis. We therefore suggest
that components present in the MDA- CM induce cell cycle exit and apoptosis.
However, additionalanalysis needs to be done to definitively prove that apoptosis is
indeed activated. Having ruminated on the data, if the time constraint created by the
pandemic was absent, doing fractionation experiments on all the assays in which
differences were observed, crystal violet or cell cycle analysis via flow cytometry for
example, would be the next step, a result such as only the pellet fraction triggering a
physiological change would not only direct the future studies on isolating the

causative agent but it would also shed more light on media depletion.

Exposure of BT20 cells to BT20-CM resulted in an increase of cells inS phase. As we
saw a small but significant increase in cell number under these conditions using
crystal violet analysis, we propose that BT20-CM increases cell proliferation
marginally. Interestingly, we did not observe a difference incell cycle progression of
MDA-MB-231 cells when in serum-free medium vs. serum containing medium. While
we cannot point to a specific reason it may be that MDA- MB-231 cells are so adept
at survival that the loss of serum does not alter the cell cycle at least in the timeframe

measured here.

How could MDA-MB-231 cells induce apoptosis in BT20 cells? It has previously been
shown that proneurotrophins such as pro-bone derived neurotrophic factor (pro-
BNDF) can induce cell death, whilst cleaved mature neurotrophins such as BNDF
promote cell survival.’?®-13% Dorandish et al and Alhusban et al showed that MDA-MB-
231 cells secrete both the precursor neurotrophin pro-brain derived neurotrophic factor
(pro-BDNF) and BNDF into medium. Furthermore, they showed that the secreted pro-
BNDF, but not BNDF, inhibited migration and tube formation of endothelial cells.
Similarly, proBNDF or other neurotrophins secreted by MDA-MB-231 cells could affect
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cell survival. We could not assess whether there was also an effect of conditioned
media on BT20 cell migration since these cells are epithelial-like and do not migrate
to any significant extent. Conversely, MDA-MB-231 cells do migrate well. We analysed
whether the non-migratory BT20 cells could affect MDA-MB-231 cell migration but
the movement into the cell free zone with the scratch assay was not significantly
altered when compared to cells in serum-free medium. While effects on cell migration
were difficult to study using the wound healingassay, we did investigate if conditioned
medium exposure could lead to altered actin cytoskeleton organisation and focal
adhesion distribution as potential precursors for migratory effects. Confocal
microscopy using a stain for actin and fluorophore conjugated antibodies directed
against focal adhesion kinase showed no clear changes with small focal adhesions
present throughout the cells connected to actin fibers. Thus, our data suggests an
effect directed to induce cell cycle exit and possibly apoptosis but not at migration.
Earlier, (see Section 5.1), we hypothesized that the MDA-CM could possibly be
transferring biomolecules that promote a migratory, and thus anti-proliferative state in
recipient cells as seen for the T47D cell line, but interestingly, the data showing the
promotion of cell cycle exit and possibly apoptosis suggests otherwise.80.123
Therefore, the MDA-CM conveying an anti-proliferative message on epithelial cell
types developing to it impacting different cell lines differently is an interesting and

possible route of investigation for future studies.

5.4 Extracellular vesicles transfer biomolecules from MDA-MB-231 to BT20 cells

While the preceding experiments show that contents of the conditioned medium affect
cell survival, they lack the resolution to directly show transfer of biomolecules (whether
soluble or in vesicles) from the donor cells to the recipient cells. Furthermore, it is of
use to have proof of transfer to cells to allow researchers to be able to link transfer
and physiological output in individual cells. A system to detect biomolecule transfer to
specific cells was established by Jacco van Rheenen and has been used to show that
biomolecules are transferred between tumour and non-tumour cells. Moreover,
transfer can also occur between different tumour cells with subsequent phenocopying
of the donor cell by the recipient cell.8%13! This is possible due to the transfer of
molecules such as miRNA, mRNA and proteins in extracellular vesicles that can
exercise a function once taken up by the recipient cell. The detection system depends
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on a switchable fluorophore in the recipient cell and a Cre recombinase expressed in

the donor cell that will act as the switch once it enters the recipient cell.®°

In this study we generated an inducible MDA-MB-231 cell line for Cre recombinase
expression and a BT20 recipient fluorophore switch cell line to allow us to visualise
transfer of Cre recombinase from the MDA-MB-231 cells to the BT20 cells. We
hypothesised that, since we see that MDA-MB-231 cells produce factors that induce
BT20 cell apoptosis, this should be dependent on transfer of biomolecules. Indeed,
exposure of monolayers of BT20 cells to conditioned medium of induced MDA-MB-
231 Cre cells, resulted in the appearance of cells with GFP expression while the
conditioned medium from uninduced MDA-MB-231 Cre cells did not result in the
appearance of GFP positive BT20 cells. Thus, the conditioned medium of MDA-MB-
231 cells carries biomolecules that are taken up by BT20 cells. This points to a
potential pathway for entry of factors that can induce apoptosis in these cells. We
confirmed that transfer takes place by co-culturing the donor and recipient cells in the
presence of 4HT. This resulted in the appearance of a small number of GFP-positive
cells indicating transfer of Cre recombinase took place. It is clear that transfer is not
very efficient since only a small number of cells are positive. Moreover, in the co-
culture model the positive cells are not uniformly spread but are mostly located close
to each other. Several factors could be playing a role in these observations. Firstly, it
could be that the induction of Cre recombinase is inefficient. This may be due to
heterogeneity in the MDA-MB-231 Cre cell line which could be caused by less-than-
optimal selection. Alternatively, expression levels of Cre in this cell line could be too
low to efficiently produce extracellular vesicles containing Cre recombinase.
Alternatively, it could be that Cre recombinase transfer happens soon after induction
of expression and the recipient BT20 cell divides after the dsRed gene has been
excised giving rise to daughter cells expressing GFP. Lastly, it is possible that once
one cell absorbs Cre recombinase containing vesicles, the enzyme is distributed to

neighbouring cells via gap junctions.

In vitro co-cultures of different cancer cellular types are vital to the investigation of
numerous scientific questions.'32 Two-dimensional cell monolayers provide simplicity
and convenience during cancer and drug research but there is a need for extrapolation
when analysing the data in relation to the solid tumour.'32-134 Most of the limitations

are rooted in a lack of reproducibility, for example, in the organisation of the
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cytoskeleton or the inadequate portrayal of the complex cell-to-substrate interactions,
resulting in failure to predict clinical efficacy.'34-13 Literature shows that 3D cultures
(spheroids) better recapitulate the complex in vivo microenvironment of the solid
tumour."3"-136 They more accurately depict signalling pathways, gene expression
patterns and the effect of drug testing/evaluation.'32137 For example, the presence of
the extracellular matrix not only offers mechanical support but additionally directs
cellular behaviour.'33135 We hypothesized that the colour switch system would be
reproducible within 3D cultures and, in accordance with previous literature, there
would be an increased efficiency within the system in comparison to the 2D cultures.
Our data shows that the colour switch can indeed be reproduced within spheroids,
including its’ inducible nature with the presence and absence of tamoxifen. The degree
to which colour switching occurs seems more prevalent in comparison to the 2D
samples but more quantitative data is needed to reach a conclusion in this regard.
Interestingly, thecells that have undergone colour switching were in close proximity to

one another as was observed within 2D co-cultures.
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6. CONCLUSION

It is clear that tumours are heterogeneous collections of subpopulations that wax and
wane according to their adaptation to the current environment. However, the
understanding of the interaction between these groups is still unclear. Previous studies
show that cancer cells can induce phenocopying in adjacent cells through the process

of extravesicular transfer of biomolecules. 38139

In this study we sought to show that communication does take place between similar,
but not identical, breast cancer cell lines and that this communication can have
physiological effects on the recipient cell. Indeed, we achieved our aim through
showing that a metastatic cell line (MDA-MB-231) can exclusively induce apoptosis
or cell cycle exit in a non-metastatic breast cancer cell line (BT20), as shown by the
lack of anti-proliferative effects in the metastatic MCF7 cell line. Moreover, we show
that extracellular vesicle mediated biomolecule transfer does take place between the
donor MDA-MB-231 cell line and the recipient BT20 cell line. These data therefore
demonstrate that cell-to-cell communication between different types of breast cancer

cells can alter their cellular physiology. Important questions remain however:

1. What molecules produced by the MDA-MB-231 cell line initiate cell cycle exit and
apoptosis in BT20 cells?

How are these molecules transferred between the two cell lines?

Why does the MDA-MB-231 cell line produce pro-apoptotic molecules?

What other molecules are transferred between the two cell lines?

A

Most importantly, is this system present in in vivo tumours and can it have an effect

on tumour progression?

This study has provided a first glimpse at a potentially interesting phenomenon and it
has established tools with which further research can be carried out. Initially, the
communication of neoplastic cells affecting one another's’ metastatic aptitude as
possible therapeutic targets was a possible avenue of progression for this study, but
interestingly, the induction of cell cycle exit along with the raising of the above
questions provide another possible avenue, one where we can expand on how
different breast cancer cell lines can affect other breast cancer cell lines and types. If

it proves fruitful, maybe how neoplastic prostate cancer cell lines, for example, can
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impact or be impacted by breast cancer cell lines. That and the isolation of the

biomolecules inducing cell cycle exit. With these as possible future studies, the above
mentioned questions could be answered through mass spectroscopy to determine the
type of molecules produced, contrasting possible modes of communication

(direct contact versus nanotubules versus vesicles i.e.) and shifting to investigating

communication in 3D cultures for they better recapitulate the tumour microenvironment.
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Appendix A: Serum interferes with fluorescence during measurement. The
presence of serum in the media when measuring resazurin fluorescence interferes
with the signal. The difference between cells measured in the presence (serum
positive) and absence of serum (serum-free) is expected to be higher for BT20 cells
(i) and MDA-MB-231 cells (ii).

126

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

é;’%
<

i BT20 cells
-o- Serum free
80000~ Serum positive
] 60000
[&)
c
']
@
& 40000-
o
3
L. 200004
0 ] 1 1
0 24 48 72
Time(hours)
-o- Serum free
i MDA cells Serum positive
100000-
80000+
Q
=
8 60000+
(3]
&
] 400004
3
L.
20000- /
0 T I 1
0 24 48 72

Time(hours)

Appendix B: Serum-free media does not affect fluorescence during
measurement. The presence of serum in the media when measuring resazurin
fluorescence interferes with the signal. The difference between cells measured in the
presence (serum positive) and absence of serum (serum-free) grew for both BT20 (i)
and MDA-MB-231 (ii) cells when cells were incubated and metabolism measured.
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Appendix C: Plasmid map; CreERT2. The plasmid allows for the production of the
Cre recombinase enzyme by the donor cell; responsible for the colour switching

observed in the recipient cell line. Plasmid inserted into MDA-MB-231 cell line.
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Appendix D: Plasmid map; LV-CFP. The plasmid allows for the expression of the
Cyan fluorescent protein (CFP) within the donor cell. Plasmid inserted into MDA-MB-
231 cell line.
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Appendix E: Plasmid map; The switch module. The plasmid acts as a genetic Cre
reporter, switching from expressing DsRed to e GFP upon recombination by the Cre
recombinase enzyme. Presenting as the observed cellular colour switching from

fluorescing red to green. Plasmid inserted in the BT20 cell line.
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Appendix F: Three dimensional co-cultures. [A-D] MDA-MB-231:BT20 cell co-
culture spheroids at a ratio of 1 to 4 and 10x magnification. Images show different
spheroids after a week of growth. The presence of agarose deprives the cells of

attachment to the plate and promotes attachment to other cells, resulting in the
spherical shape observed.
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