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Abstract

Despite major advances in our understanding of cancer progression mechanisms, cancer
remains a leading cause of death in the UK and globally. Solid tumours are complex, and
heterogeneous, existing in a dynamic microenvironment subjected to a variety of biomechanical
cues. Conventional cancer research methods have long relied on two-dimensional (2D) static
cultures which neglect the dynamic, three-dimensional (3D) nature of the tumour
microenvironment (TME), especially the role of interstitial fluid (ISF) and the impact of
interstitial fluid flow (IFF). In order to address this, we have developed and optimised a spheroid-
on-chip microfluidic platform which allows 3D cancer spheroids to be integrated into
extracellular matrices (ECM)-like hydrogels and exposed to continuous perfusion, mimicking IFF
in the TME. Our platform enables clear imaging of spheroids, analysis of effluent media, and
harvesting of spheroids for further analyses. Where many studies have focused on perfusion as
a tool mainly for high-throughput methods, we aim to identify how perfusion, mimicking IFF in

the TME, alters the biology of cancer spheroids.

Spheroids exposed IFF-like or static conditions were harvested, and gene and protein expression
analysis was performed. These data indicated that gene expression was altered by flow when
compared to static conditions, but clear functional patterns were not identifiable. Subsequently,
a large-scale transcriptomic analysis by RNA-sequencing was used to conduct an unbiased
analysis, revealing robust gene expression changes in genome preservation pathways and

leading to the identification of a potential biomarker of IFF in cancer.

Our spheroid-on-chip flow platform has revealed that exposure to IFF-like conditions in a 3D
environment significantly altered the transcriptome of spheroids after just 24 hours, leading to
changes in the expression of key factors involved in various aspects of tumour progression.
These results will direct our future work on further elucidating the role of ISF flow in cancer

biology and spread.
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Chapter 1 General Introduction



1.1 Cancer overview

Cancer is a diverse family of over 100 diseases that are all characterised by uncontrolled growth
and division of cells in a particular region of the body (Hanahan & Weinberg, 2011). It continues
to be a major health issue facing modern society and receives substantial research attention and
funding each year around the world (Love, 2010). It is a global issue with 19.3 million new cancer
cases as well as 10 million cancer deaths worldwide in 2020 (excluding nonmelanoma skin
cancer) (Sung et al., 2021). In the United Kingdom alone, it is estimated that 50% of individuals
born after 1960 will develop cancer (Ahmad et al., 2015). Indeed, with the increasingly aging
population it is expected that the global cancer burden will escalate, highlighting how it has and

will continue to be a major health burden

The biology of cancer is recognised as having a set of key characteristics, or hallmarks, which are
essential to development of the disease. These hallmarks have been identified and assessed
over decades of research, culminating in the following list outlined by Hanahan and Weinberg

(Hanahan & Weinberg, 2011):

Growth signal self-sufficiency: Normal cells are dependent on external growth signals for
proliferation. In contrast, cancer cells are able to generate most of the necessary growth signals
themselves. Cancer cells are capable of increasing the expression of growth factor receptors on
their surface, becoming hypersensitive to growth signalling ((Velu et al., 1987; Gullick, 1991).
Additionally, some cancer cells have been shown to send signals to normal cells in the area to
induce growth factor suppression in the normal cells (Gleave et al., 1993). This reduces and, in

some cases, even eliminates their dependency on external stimuli.

Evasion of growth suppressors: In normal tissues, homeostasis is maintained by multiple
antiproliferative signals. These signals direct normal cells out of the cell cycle into either a
terminal, post-mitotic differentiation state or a temporary quiescent state. Cancer cells have the
capacity to evade such antiproliferative signals and therefore overcome normal growth

limitations such as contact inhibition and induction of apoptosis (Amin et al., 2015).

Evasion of programmed cell death: Cell proliferation and death are tightly monitored and finely
balanced processes in normal cells. These processes are regulated by complex signalling
pathways involving pro- and anti-apoptotic factors. Cancer cells are able to disrupt this signalling
balance through mutations in key genes connected to survival regulation to evade cell death

regulation mechanisms and thus live longer (Paul-Samojedny et al., 2005).

Replicative immortality: Hand in hand with evasion of growth suppressors and programmed cell

death, cancer cells are able to overcome senescence and escape apoptosis, becoming essentially



immortal. In most normal cells, telomeres are also shortened after each cycle of cell division
(Jiang et al., 2007). This results in a limited number of cell divisions that a normal cell can
undergo. In cancer cells, however, modification to telomerase activity (the enzyme responsible
for maintenance of telomere length) contributes to unlimited cell division (Akincilar et al., 2016;

Kulic et al., 2016).

Angiogenesis induction: It has been established that tumours are able to release pro-angiogenic
signals to trigger the formation of new vasculature. In normal conditions, vasculature is
guiescent except during wound-healing or the female menstrual cycle (Schlereth et al., 2018).
Tumours manage to hijack angiogenic signalling to meet their increased need for oxygen and
nutrients as they expand (Carmeliet et al., 1998). Tumour vasculature is unorganised and chaotic
compared to normal vasculature which often results in poorly oxygenated areas, also known as

hypoxic regions. (Brown & Giaccia, 1998; Brown & Wilson, 2004).

Invasion and metastasis activation: Normal cells are anchorage-dependent and are reliant on
cell-cell interactions and adhesion to survive. Without the ability to adhere and form junctions
with other cells, normal cells would not survive. Cancer cells, on the other hand, are able to
overcome anchorage-dependence to live without attachment to a matrix or other cells (Wirtz et
al., 2011). In fact, cancer cells are capable of degrading matrices to invade tissue and ultimately
disseminate to other tissues in the body, a process known as metastasis (Nistico et al., 2012).
Importantly, metastasis is responsible for the vast majority of cancer deaths. Metastasis and the
series of events leading up to it, known as the metastatic cascade, will be detailed more in the

following section (1.2).

Energy metabolism reprogramming: In aerobic conditions, oxidative phosphorylation (OX-PHOS)
is the most common energetic pathway used by cells. However, the increased cell populations
present in tumours create an increase in energetic needs. Anaerobic conditions also mean that
oxygen resources are scarce, so glycolysis is used to form pyruvate and lactate. Even when
cancer cells are in an aerobic environment though, they are able to use this anaerobic
metabolism, a process known as the Warburg effect (Warburg, 1956). It frees them from the
constraints of O, availability and also increases their need for glucose which in turn results in
overexpression of glucose transporters (Denko, 2008). This mechanism is technically less
efficient but it is faster and produces intermediate precursors used by cancer cells as building

blocks to make proteins, DNA, and lipids to support fast proliferation (Zheng, 2012).

Evasion of immune system: In some studies, immunosuppressed mice were found to develop
more tumours compared to wild type counterparts following exposure to carcinogenic

compounds. Furthermore, mice that lacked cytotoxic and helper T cells or natural killer cells
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grew tumours faster (Teng et al., 2008). Observations such as these lead to hypotheses that
some cancer cells were more immunogenic than others and the more discreet cells with less
immunogenicity were able to evade detection by the immune system. These cancer cells could
grow undetected by immune surveillance, contributing to increased survival rates of cancer cells

compared to normal cells.

1.2 Metastasis

Metastasis is a crucial step in cancer progression which radically affects clinical outcomes.
Cancers found prior to metastasis are easier to treat, and patients have a better chance of
survival (Mehlen & Puisieux, 2006b). Most research has focused on the oncogenic
transformations that lead to the occurrence of a primary tumour while there is a lack of
comprehensive understanding around the metastatic process, despite the clinical relevance of
metastasis (Gupta & Massague, 2006). Metastasis as a general term refers to the spread of
cancer from a primary tumour to distant sites in the body. More specifically though, it is a
complex series of events known as the metastatic cascade which occur as a cumulative
progression over time and ultimately result in systemic spread. Less than 0.1% of cancer cells
that leave a primary tumour site successfully develop a distal metastasis (Fidler, 1970). In order
to beat the odds and successfully metastasize, tumour cells must locally invade the adjacent
tissue, intravasate via transendothelial migration into vessels, survive in the circulatory system,
extravasate, and finally they must proliferate at the distant site to colonize and survive (Hanahan

& Weinberg, 2011).

It is well understood that cancer is a major cause of death, and most cancer deaths are caused
by metastasis. The importance of metastasis and the early changes that occur in tumour
progression are recognised as crucial areas of research. ldentifying how to prevent a permissive
niche which allows cancer to progress, rather than trying to treat it after it has advanced and
spread to other areas of the body, is a pertinent research question that could lead to clinically

relevant therapeutics.

1.2.1 The metastatic cascade

The metastatic cascade is the specific set of steps in which tumour cells from a primary tumour
site become motile and invasive and ultimately, spread throughout the body (Mehlen & Puisieux,
2006a). The steps include: 1) primary tumour formation, 2) local invasion, 3) intravasation, 4)
survival in circulation, 5) arrest at distant site, 6) extravasation, 7) development of

micrometastases, and 8) colony formation. These steps are visually summarised in Figure 1.1.
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Figure 1.1: The metastatic cascade

The series of cell-biological events comprising the metastatic cascade are summarised above. Tumour
cells (primary tumour formation) leave primary sites of growth (local invasion and intravasation) and
travel to other areas of the body (survival in the circulation and arrest at a distant organ site) where they
infiltrate foreign microenvironments (extravasation) and adapt to their new surroundings
(micrometastasis formation and metastatic colonization) to ultimately survive and grow there. Cancer
cells are depicted in red. Figure from (Valastyan & Weinberg, 2011).



During this cascade of events cancer cells experience a change in phenotype where they lose
epithelial characteristics such as intercellular junctions and apico-basal polarity and develop a
more flexible mesenchymal phenotype. This is known as the epithelial to mesenchymal
transition (EMT) and is crucial to the motility of cancer cells, contrasting with their anchored,

epithelial counterparts.

EMT has long been recognised as a crucial step in metastasis. However, our current
understanding of EMT in metastasis is mainly based on single-cell motility; we now know that
when metastasis is caused by cancer cell clusters, or spheroids, EMT is not necessary (Fang et
al.,, 2015; Lu et al.,, 2015). Indeed, clusters are better at surviving in circulation and more
aggressive in colonizing distant metastatic sites than single cells are (Aceto et al., 2014; Herath
et al., 2020). Now that our understanding of the metastatic process is changing, our research
models must start to reflect what we’ve learned. Incorporating new 3D techniques, as will be

discussed in a later section, is an excellent way to begin examining metastasis in this new light.

1.3 Breast cancer

Breast cancer is the most common cancer type affecting women in the UK and represents 30%
of cancer cases in women (source: Cancer Research UK 2022). Factors contributing to the causes
of breast cancer include age, family history, lifestyle, and most notably, mutations of specific
genes. BRCA1 (breast cancer 1, early onset) and BRCA2 (breast cancer 2, early onset) are two
such genes who have strongly established links to breast cancer occurrence (Miki et al., 1994;
Wooster et al., 1995). Breast cancer is also one of the most hypoxic cancer types and is known

to metastasise to the lungs, bones, and liver most often (Leong et al., 2006; McKeown, 2014)).

Breast cancer subtypes have been identified and classified as a way to tailor therapeutic
approaches chosen for patients (Onitilo et al., 2009; Prat et al., 2015). Subtypes are determined
by the expression status of three receptors which play roles in determining a tumour’s
metabolism and responsiveness to chemotherapeutics, as well as predicting patient survival
rates (Heldring et al., 2007; Haque et al., 2012). The three receptors are: ER (oestrogen receptor),
PR (progesterone receptor), and HER2 (human epidermal growth factor receptor). Table 1.1

outlines the main breast cancer subtypes according to receptors expression status.



Table 1.1: Main breast cancer subtypes according to receptors expression status

Breast cancer subtype ER status PR status HER2 status
Luminal A + + _
Luminal B + + +
HER2 - - +
Basal/ triple negative - - _

ER: oestrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor

1.4 Tumour microenvironment

Our understanding of tumours has shifted over decades of research, from thinking of a tumour
as an isolated, somewhat foreign, entity in the body to an integrated, albeit abnormal, structure
in a dynamic, heterogeneous environment. Thus, research has shifted away from thinking of a
tumour as an isolated entity and towards recognising the complexity of it both internally and
externally (Xu et al., 2014). A tumour is not a homogeneous mass of cancer cells but rather a
highly heterogeneous community. It is comprised of various cell types that also interact with
surrounding cells, tissues, and fluids (Figure 1.1) (Joyce & Pollard, 2009). A tumour is complex in
both its internal diversity and its dynamic nature. The interactions that occur between a tumour
and the stromal microenvironment are important for progression of cancer, including initiation
of metastasis (Fan et al., 2017). Therefore, in order to understand the occurrence of metastasis

it is critical to understand the tumour microenvironment (TME) and its role.

One of the most common cell types found to interact with cancer cells in the TME is fibroblasts
(Orimo et al., 2005). These cancer-associated fibroblasts (CAFs) play an active role in promoting
tumour growth and support the tumour in numerous capacities, such as structure, angiogenesis,
and invasion (Bhowmick et al., 2004). Various studies have demonstrated that CAFs produce
factors that directly contribute to the transformation of epithelial cells (Olumi et al., 1999;
Gaggioli et al., 2007). Fibroblasts can influence carcinogenesis by producing growth factors,
mostly stimulators of proliferation, which are involved in both the initiation of a tumour and its
progression (Bhowmick et al., 2004). Additionally, CAFs can inhibit immune cell access to the
TME and inhibit their functions within the tumour. In effect this means that the CAFs are not
only working with the cancer cells, but they are working against other cells that may be trying

to prevent tumour growth (Denton et al., 2018)

When immune cells are not working against the cancer (or being inhibited by CAFs), they too
can be reprogrammed to support the cancer. It is thought that under the influence of the TME,

immune cells such as macrophages and neutrophils can be activated to favour tumour growth



and progression (Kim & Bae, 2016). Indeed, neutrophils are a strong example of how the TME
can dramatically alter the normal function of a tissue. Although neutrophils are generally
considered the first line of defence against infections and other foreign invasions to the body, it
is now known that they are also involved in various cancer biology mechanisms. Some studies
suggest that they promote metastatic arrest at distant sites, and others suggest that they
support angiogenesis (Tazzyman et al., 2013; Wculek & Malanchi, 2015). Regardless of their
specific role in permitting or promoting tumour growth, it is evident that neutrophils and other
immune cells are key players in a thriving TME and must be considered in the heterogeneity of

a tumour.

1.5 Tumour interstitium and interstitial fluid

In recent years there has been an elevated interest in ISF, a component that was largely ignored
for many decades. The composition of ISF in normal stroma vs tumour stroma varies greatly,
and indeed it has been shown to play a crucial role in the development of a tumour. Now there
is a focus on trying to understand the ways that it permits, or promotes, metastasis. Specifically,
foundational work has been done on the role of IFF and the impact it may have on EMT and
early changes in tumour progression. Up to 20% of the body’s mass is estimated to be interstitial
fluid (ISF), occupying the interstitium; the spaces outside the blood/lymphatic vessels and
parenchymal cells where the connective and supporting tissues of the body reside (Wiig &
Swartz, 2012; Brinkman & Sharma, 2019). ISF is synonymous with extracellular fluid, or
extracellular medium. Additionally, ‘interstitial extracellular matrix’ (IS-ECM) describes the
structural molecules in the interstitial space and its community of cells such as fibroblasts,
dendritic cells, and other stromal cells. The traditional perspective of the interstitium does not
include a role for cells, but more recently they have been established as an integral component
(Aukland & Nicolaysen, 1981; Aukland & Reed, 1993; Freitas et al., 1997). The stromal cells
present in the interstitium play crucial roles in initiating immune responses, regulating fluid
volume, and continuously communicating with the ECM to regulate the microenvironment
(Randolph et al., 2005; Reed & Rubin, 2010). It follows that in the context of a tumour, the IS-
ECM and ISF are highly involved in the abnormal pathology that occurs, and a better

understanding of their roles in cancer progression could lead to better treatment insights.

Indeed, tumour ISF and the resulting pressure accumulated in the TME has already been
implicated in disrupting the delivery of chemotherapy to a tumour (Jain, 1990). Pressure builds
as a result of abnormal vasculature and the abnormal tumour stroma. A drug must migrate
through this altered interstitium to reach cancer cells in solid tumours. Normally, ISF pressure in
a tissue is close to 0 mmHg (considered subatmospheric) (lversen et al., 2001). In tumours

though, it is significantly elevated and has been shown as high as 10 to 100 mmHg in human and
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animal tumour tissues (Nathanson & Nelson, 1994; Milosevic et al., 2004). One study even found
pressure from ISF to be an independent predictor of cervical cancer recurrence, suggesting a

crucial role of the fluid in treatment success (or lack thereof) (Milosevic et al., 2004).

In addition to pressure, other biomechanical forces are at work in the interstitium. Stress refers
to an applied force per unit area, whereas strain is the deformation of a structure under
mechanical stress. Pressure plays a role in all of these mechanical components of the
interstitium. In fact, because interstitial space is porous, elastic, and has a medium (ISF), both
fluid and solid stresses are present and furthermore, are intrinsically coupled. If a tissue is
perfused, this causes increased (local) pressure. That pressure will exert tensile forces on the
ECM, or mechanical solid stress. The change in pressure also changes the pressure gradient,
resulting in fluid interstitial flow (IFF) (Wiig & Swartz, 2012). As discussed in the above section,
the tumour stroma is altered and this abnormal pathology results in the biomechanical stresses
and strains described here. The velocity of interstitial fluid in vivo is generally accepted as being
inthe range of 1 x 10*—10 mm s, although it is still poorly characterised (Wiig & Swartz, 2012;
Wagner & Wiig, 2015).

1.6 Cancer research models

Given the many complexities of cancer, researchers have accordingly developed numerous
models for studying it over the years. There are a range of established models, with the most
common being in vivo animal models, such as mice or zebrafish, and in vitro cell lines (Galuschka
et al., 2017). An assortment of other models exist on the spectrum between 2D in vitro and 3D

animal models, and each model has pros and cons that must be considered.

2D monocultures involve culturing a cell line on flat and rigid substrate surfaces, effectively
ignoring the 3D components of an in vivo environment (Figure 1.2). This method has provided
the advantage of simple, cost-effective approaches to research, but over time have been
revealed to often produce nonpredictive or even misleading results (Mehta et al., 2012). The
interactions between the ECM of cells in 2D is vastly reduced and this has downstream effects
on other aspects such as transport of molecules and binding of integrins (Mehta et al., 2012).
Indeed, it has been shown that due to the flat morphology of cells in 2D, genetic aberrations can
occur over time. These differences from the tissue origin in genetic and protein expression in 2D
are likely the cause of the exponential growth exhibited in 2D cultures (Edmondson et al., 2014).
The traditional use of homogeneous 2D cell models neglects the complex dynamics of a tumour
and especially the 3D interactions with its environment. In sum, there are many ways that 2D
culture vastly oversimplifies the 3D TME and these models best serve for answering simple,

baseline questions



On the other end of the spectrum from 2D cultures, there are in vivo models which use animals
to study cancer. Animal models can be used for drug screening, invasion, growth kinetics, and
migration studies (Nunes et al., 2019a). There are variations of the in vivo model such as the cell
derived xenograft (CDX) and the patient derived xenograft (PDX). In CDX, human tumour cells
are subcutaneously implanted into an immunocompromised mouse and the tumour can be
studied, but only at advanced disease stages (Holen et al., 2017). Similarly, a PDX uses human
tumour fragments implanted into an immunocompromised mouse, inducing the mouse stroma
to replace the human cells over time. While these models are 3D and can better replicate some
facets of the TME, they are expensive, require ethics, and are relatively low throughput
(depending on financial constraints). PDX models also poorly simulate the initial formation of

the TME, and they rarely produce successful metastasis (Hidalgo et al., 2014).

Further to 2D cultures but not at the level of in vivo models there are 3D multicellular spheroids.
Spheroids have been used in cancer research more frequently in recent years due to the
characteristics they share with mammalian tumours. They contain distinct zones — a core, a
quiescent layer of cells, and an external layer of proliferative cells — which isimportant especially
in drug testing (Hamilton, 1998; Mehta et al.,, 2012). The zones result in a heterogeneous
acquisition of nutrients and oxygen diffusion throughout the spheroid, which is similar to what
is seen in tumours (Grimes et al., 2014). Another advantage of spheroids in research is that they
can be seeded and formed at different sizes, and through certain methods can be uniformly
reproduced. This is especially advantageous for high-throughput needs, such as in drug efficacy
testing. The genotype and protein expression of spheroids also more closely resemble in vivo
tumours than 2D cultures (Katt et al., 2016). Another interesting aspect of spheroids is that they
naturally occur in some cases of cancer in the body, usually known as cancer cell clusters in those
scenarios (Hong et al.,, 2016). This further demonstrates the relevance of using them in
laboratory research with the goal of translating that research to clinical use. Spheroids also do
not require complex ethics like in vivo animal models, and they are less expensive than animal

research (Edmondson et al., 2014)
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2D culture 3D culture

Interaction with
plastic surface

Figure 1.2: 2D vs. 3D culture

Cells cultured in 2D exist in a monolayer resulting in cell-cell interactions only on one edge and predominantly interaction with a plastic surface. In 3D culture, there is increased
surface interaction with the surrounding media, cell-cell interactions in multiple dimensions, and a gradient for exchange of waste and nutrients through the 3D cell mass. Figure

created in Biorender.com.
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The complexities of cancer are inherently difficult to fully replicate in a research setting.
Research models ranging from 2D monocultures to animal models provide an array of choice for
experimental setup, but each has pros and cons. 3D spheroids are a useful medium given that
they are better at recapitulating the TME than 2D cultures, but less costly and difficult than
animal models. Furthermore, they are reproducible and efficient for high throughput testing.
Spheroids share important characteristics with mammalian tumours that are helpful in capturing
the complexities of the dynamic, 3D TME. The question of how a tumour progresses to the point
of metastasis cannot be answered without addressing the complex nature of the TME, and more
research is needed which aims to better reproduce the dynamic network comprising the TME.
Indeed, in recent years, questions have been raised about the models used to study cancer and

especially the TME.

1.7 Microfluidics for cancer research

Research models have changed substantially in attempts to better mimic the TME and its
complex interactions, such as with the use of microfluidic models. Microfluidic lab-on-a-chip
(LOC) devices offer a multitude of advantages for cancer cell biology research such as precise
control over nutrients, internal and external control of temperature, and the ability to induce
laminar flow and/or shear stress to reproduce important biophysical forces (Whitesides, 2006).
Many approaches to studying cancer on-chip have been employed in recent years, and some
studies have also used spheroids, hydrogels/matrices, spheroids, and co-culture techniques on-
chip. Various studies have also attempted to model the TME on-chip by exploiting the precise
control microfluidic devices offer over local gradients and composition of the small chambers.
Microfluidic devices offer another important advantage over the use of 2D or 3D cultures off-
chip: continuous flow. While spheroids have been a great advancement from 2D monoculture
practices, they are generally still housed in static conditions. As discussed above in section 1.4,
the reality of the TME is that it is dynamic, heterogeneous, and it experiences a constant array
of biomechanical fluid and solid forces. Microfluidic devices offer a solution to bridging the gap

between 3D culture and the dimension of biomechanical forces with their control of fluid flow.

To address the question of heterogeneity, LOC approaches have looked at CAFs, tumour-
associated macrophages, and stromal cells. Indeed, one study used continuous media
supplementation on-chip to examine migration speeds of lung cancer cells when influenced by
stromal cells. They identified the role of TGF-B1 in this interaction and the increased migration
speeds observed when stromal cells were present (Xu et al., 2013). Another study observed
mutual interactions between CAFs and 3D tumour spheroids embedded in hydrogels on-chip,
but did not use continuous media flow (Jeong et al., 2016). An earlier study used collagen

patterned within microfluidic channels to study invasion of MDA-MB-231 cells with and without
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tumour-associated macrophages. In this case, the macrophages invaded the gels with the cancer
cells (Huang et al., 2009). Whilst strides have been made towards better replicating the

heterogeneity of the TME in vitro, there remains a need for better models.

There are also numerous studies that investigated the phenomenon of metastasis on-chip, but
these are largely focused on cancer cell transmigration through the endothelial cell lining, not
other events in the metastatic cascade (Xu et al., 2016; Chen et al., 2017). For example, one
study recreated 3D tumour vasculature on-chip to characterise tumour cell migration efficacy
and endothelial permeability (Zervantonakis et al.,, 2012). While this is valuable for
understanding that specific stage of metastasis, it ignores the earlier steps leading up to
intravasation. A better understanding of the earlier stages could provide earlier targets for

treatments.

There have also been studies that focus on the tumour-ECM interactions by using gels on-chip,
but not all of these used 3D spheroids, and none used continuous flow to induce biomechanical
forces in the chip (Song & Munn, 2011; Sung et al., 2011; Jeon et al., 2013; Kim et al., 2013).
Additionally, microfluidics have been used to study chemotaxis and the gradients that govern
tumours (Torisawa et al., 2010). Another use for microfluidics in cancer exploits the high
throughput capabilities of LOC devices to do drug efficacy testing. An example of this which also
integrated co-culture aspects used a LOC platform to test how stromal cells affected drug
resistance in spheroids. The inclusion of stromal cells was found to significantly increase drug

resistance, demonstrating the importance of both co-culture and 3D techniques (Xu et al., 2013).

Microfluidics is fast becoming a common cancer research tool thanks to the advantages it
confers over traditional 2D and monoculture techniques. However, while many studies have
started to use LOC to study the TME, few have incorporated major critical components
governing a tumour: IFF (continuous perfusion of media or fluid shear stresses), 3D structures

(multicellular spheroids), and 3D environment (hydrogel matrices).

1.8 Microfluidic models of flow in cancer

Studies in recent years have started to outline the relationship between IFF and cancer
progression and have laid the foundations of a strong association between the two. A large
proportion of microfluidic IFF studies have focused on the role of IFF in cell invasion and motility.
One such study showed early on that IFF can guide tumour cell invasion along the flow direction
(Munson et al., 2013). Other labs have used methods such as computational modelling to
examine the spatial gradients in ISF that influence the direction of tumour cells as they invade

(Shields et al., 2007). IFF has even been shown to promote tumour cell invasion via stromal cell
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mediated matrix remodelling within the TME, again demonstrating a direction relationship

between IFF and the TME (Shieh et al., 2011).

More recent approaches have built on these findings to expand the evidence for IFF promoting
progression of cancer. For example, IFF was examined in the context of glioblastoma multiforme
and the evidence outlined a chemokine receptor-mediated mechanism which stimulated
invasion of cancer cells and cancer stem cells in this form of the disease (Kingsmore et al., 2016).
In contrast, another study looked at glioma cells suspended in collagen and exposed to fluid
shear stresses and found suppression of MMP-mediated migration in some cells. The results
indicated that flow may heterogeneously regulate invasive potential (Qazi et al., 2011). More
recently, a study used simulation techniques in addition to cancer cell spheroids in 3D collagen
matrices with oriented microfluidic flow. In this case the orientation of the aligned fibers
produced the microfluidic flow and according to the simulations, showed invasion to be strongly
influenced by the properties of the ECM and directional flow of the fibers (Geiger et al., 2022).
Another recent study used one-directional flow in a microfluidic platform to investigate how
cancer cells could exert influence over fibroblasts. In this semi co-culture environment where
flow facilitated communication between the cancer cells and fibroblasts, fibroblasts were
activated and even migrated towards the cancer cells (Kim et al., 2022). This demonstrated not
only the impact of IFF on the cancer cells and their progression but also the capacity it had to

influence the surrounding environment.

In breast cancer specifically, a few models have investigated the role of fluid and flow in various
forms. Notably, Tchafa et al. reported that IFF induced invasion of breast cancer cells via a
chemokine receptor CXCR4-PI3K pathway in HER2 positive cells (2015). In another case, fluid
shear stress — not specific to ISF — was administered to breast cancer cells within a 3D matrix by
using a bioreactor. Researchers found that cells exposed to the shear stress condition exhibited
a motile phenotype and concluded that shear stress promoted breast cancer cell proliferation,
invasive potential, and chemoresistance (Novak et al., 2019). Another study focused again on
fluid flow without specifying the role of ISF and demonstrated that flow promoted EMT in breast
cancer cells (not spheroids) via the upregulation of EMT markers Snail and Vimentin at both the
gene and protein level (Fuh et al., 2021). These studies are examples of how breast cancer in
particular may be influenced by flow and demonstrate the need for a better understanding of

flow in breast tumours.

Taken together, these findings from a variety of microfluidic models and forms of flow are
indicative of a significant influence that ISF could have over the TME and over cancer progression

at large. Given that metastasis is a critical turning point in the disease for clinical outcomes, it
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would be beneficial to know how ISF and specifically IFF could be manipulated to prevent it.
Whilst preliminary work has been done, few studies have successfully replicated IFF or have
neglected the use of 3D spheroids in the experimental design. More research is needed using
accurate models with 3D masses to explore the intricate relationship between IFF and cancer

progression.

1.9 Project aims and objectives

Despite the recent advances in cancer research models, voids remain in our understanding of
the relationship between IFF and the progression of cancer in the TME leading to metastasis.
The project described here aims to fill this gap in understanding by using modern research
models to mimick the TME and IFF. Multicellular 3D cancer spheroids will be integrated into a
microfluidic LOC device to recapitulate the TME. Continuous media flow over the spheroid in
the LOC will reproduce biomechanical forces of fluid flow that are seen in a tumour. Using this

platform, the aims of the project will be to:

1. Refine a spheroid-on-chip microfluidic system for investigating interstitial flow effects
on spheroid biology.
2. Investigate the effects of interstitial flow on cancer cell biology in the TME.

3. ldentify potential interstitial flow biomarkers and evaluate their clinical relevance.
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Chapter 2 Materials and Methods
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2.1 Cell culture

2.1.1 Celllines

Several human cell lines were used for the experiments in this study: MCF7 (pleural effusion of
metastatic adenocarcinoma), MDA-MB-231 (pleural effusion of metastatic adenocarcinoma),
HEK293T (human embryonic kidney) and U-87 MG (glioblastoma). Table 2.1 summarises the
characteristics of each cell line. Cell lines were obtained from ATCC (Teddington, UK) and ECACC
(Salisbury, UK). Cell culture media was tested regularly for mycoplasma infection with

consistently negative results.

2.1.2 Subculture

Cells were cultured in high glucose complete Dulbecco’s Modified Eagle Medium (DMEM
(Corning, Amsterdam, Netherlands) supplemented with 10% v/v (volume/volume) heat
inactivated FBS (Gibco, Life Technologies, Loughborough, UK) in an incubator (Nuaire, USA) at
37°C with a humidified atmosphere of 5% CO..

To keep cell populations in an exponential growth state, cells were passaged after reaching 70-
80% confluency and seeded into T75 cm? filter cap tissue culture flasks (Greiner, Bio-One UK).
To passage cells, spent medium was removed and cells were washed with 1X PBS (Phosphate-
Buffered Saline; VWR, USA) to remove any non-adherent cells. Cells were then incubated for 5
minutes at 37°C in 1X Trypsin (Lonza) to detach cells. Once cells were detached, they were re-
suspended in complete media and a fraction (dependent on splitting ratio) was transferred to a
new culture flask with fresh media. Cell lines were not passaged more than 30 times (Masters &

Stacey, 2007).

Table 2.1 Characteristics of cell lines used in this study (information from ATCC, ECACC, and Holliday et al.)

MCF7 MDA-MB-231 HEK293T U-87 MG
Cell Line
Disease/Tumour  Adeno- Adeno- Not applicable Glioblastoma;
type carcinoma carcinoma (N/A) astrocytoma
Development Metastatic Metastatic Not applicable Primary

(N/A)

Origin Pleural effusion  Pleural effusion Embryonic kidney  Brain
Classification Luminal A Claudin-low N/A v
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2.1.3 Viable cells counting

Cells were counted before experimental setups to ensure seeding at a constant number. The cell
suspension was diluted 1:1 or 1:2 in a 0.4% w/v (weight/volume) trypan blue solution (Corning,
USA) and loaded into a haemocytometer (Heinz Herenz Hamburg, Germany). Viable cells were
counted in the four large quadrants using a light microscope (Olympus CKX41, 10X
magnification). To determine the number of cells per millilitre, the average cell count per

guadrant was multiplied by the dilution factor, and then by 10%.

2.1.4 Freezing and thawing of cells

To maintain a cell stock for long term storage, cells were frozen at an early passage and stored
in liquid nitrogen. For this, the cells were trypsinsed as detailed in section 2.1.2 and washed with
1X PBS when at 70-80% confluence in a T175 cm?. The cell suspension was then transferred to a
50 mL centrifuge tube and centrifuged for 5 minutes at 300 x g to create a cell pellet. The pellet
was washed with 1X PBS after medium supernatant was removed. Cells were then re-suspended
in freezing media, a solution comprised of 90% FBS and 10% dimethyl sulfoxide (DMSO). The cell
suspension was aliquoted into cryovials (Nunc, ThermoFisher Scientific, Loughborough, UK) and
vials were placed into a freezing container (ThermoFisher Scientific) with isopropanol. The
container was stored at -80°C for gradual cooling (1°C /minute) for no more than 72 hours, and

then transferred into liquid nitrogen (-196°C) for long term storage.

To revive frozen cells, a cryovial was brought to room temperature quickly and cell solution was
transferred to a T25 cm? flask with pre-warmed complete medium (containing 10% FBS). Cells
were allowed to attach (with media changed after 18 — 24 hours) and to reach 70-80%
confluence before being passaged (usually after 24 hours) to a T75 cm? flask for normal

growth/maintenance.

2.2 Spheroid biology

2.2.1 Spheroid formation

Cells were seeded in ultralow adherence (ULA), round bottom, 96-well plates (Costar, Sigma-
Aldrich, UK) at varying densities. Seeding density depended on experiment and was typically
between 3.0 x 10* to 1.5 x 10° cells per well. Wells on the outermost columns and rows were
filled with 200pL of PBS to seal moisture into the plate and prevent media evaporation. Once
the cell suspension and PBS were added to microwells, the plate was transferred to an incubator
(37 °C, 5% COy) to allow cells to aggregate. The plate was left undisturbed for 96 hours, after
which time spheroids could be used for experiments. This procedure followed the protocol

established by Vinci et al. (Vinci et al., 2012).
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2.2.2 Measurement of spheroid diameter

Spheroid diameter was determined from images obtained on a GelCount scanner (Oxford
Optronix, Oxford, UK). Using Image) analysis software (National Institutes of Health, Maryland,
USA; (Haque et al., 2012)), spheroid diameter was measured using the software’s ‘measurement
tool’. The longest diameter of each spheroid was recorded (excluding cell debris) and used for

analysis (Pires et al., 2012).

2.2.3 Measurement of spheroid growth curve

Spheroids were generated as described above in section 2.2.1 from cell lines (Table 2.1).
Spheroids were seeded at 5 different densities: 3.0 x 10%, 6.0 x 104, 9.0 x 104, 1.2 x 10° and 1.5 x
10° to demonstrate a range of sizes. For record purposes, t = 0 hours was considered the time
of seeding cell suspensions, and t = 96 hrs (day 4 of growth; aggregation complete) was used for
the first measure. Images were taken on days 4, 7, 10, 12, and 14. On the days that images were
taken, spheroid media was also refreshed using complete DMEM in order to maintain nutrient
levels. A logistic growth curve (nonlinear regression) was generated using GraphPad Prism

software version 9 (San Diego, California, USA).

2.2.4 Fluorescein diacetate (FDA) staining for live cells

To assess spheroid viability in all spheroid-based experiments, a fluorescence live staining assay
was used. The assay employs fluorescein diacetate (FDA) (Thermo Fisher Scientific) to stain
viable cells. FDA is converted into a green fluorescent metabolite (known as fluorescein) via an
esterase dependent reaction in viable cells, and the intensity of the green fluorescent signal

produced can be detected/measured. (Decker, 2001).

To conduct the stain on spheroids, media was carefully pipetted off and discarded, and
spheroids were washed 3 times with 1x PBS to remove all traces of media, as phenol red
interferes with the fluorescent imaging. Spheroids were then stained with an FDA (5 mg mL™)
solution in phenol red-free DMEM. After a 5-minute incubation at 37°C and 5% CO; in the dark,
the staining solution was discarded and spheroids were washed again 3 times with 1x PBS to
fully remove the staining solution. Fresh PBS was added to each well and spheroids were imaged
using an inverted epifluorescence microscope (Zeiss, Germany). Pre-set filters on the
microscope allowed for imaging FDA using the ‘fluorescein isothiocyanate’ setting (excitation

495 nm/emission 517 nm).

2.2.5 Fluorescence quantification

The fluorescent signal produced by FDA was quantified using ImageJ analysis software with a
method adapted from (McCloy et al., 2014). The ‘area’, ‘integrated density’ and ‘mean grey
value’ options were selected in the Imagel ‘analyse’ tool bar menu. Using greyscale images of
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spheroids stained with FDA, the ‘polygon’ tool was then used to draw around the spheroid,
marking this as the region of interest (ROI). The selections that were pre-set in the analyse tool
bar could then be used to take automatic measures of those parameters. Additionally, a
background signal measurement located away from the ROI was taken at the same size as the
ROL. If a background signal area was not large enough to match the size of the ROI, a sample
without interference was taken and the value was divided by the area taken. This value could
then be multiplied by the total area of the ROl and be used as the matched background signal.
To produce the corrected total spheroid fluorescence (CTSF), the background fluorescent signal
was subtracted from the integrated density value, and this was represented as relative levels

between two conditions.

2.3 Microfluidic protocols

2.3.1 Flow cell 1 chip

The microfluidic device design used in initial experiments was developed by Dr Thomas Collins
and designed in collaboration with Dr Alex lles at the University of Hull (Collins et al., 2021). Dr
Collins adapted a previously established microfluidic design used at the University of Hull for the
purpose of housing spheroids on-chip. It will herein be referred to as the “flow cell 1” chip. The
flow cell 1 chip featured three microwells connected by a straight channel which was 0.6 mm
deep and 1.5 mm wide. The chip was made from Schott B270 glass and the features described
were milled into the material as described in section 2.3.3. The channel on the outlet side of the
spheroid microwell was narrowed for a short distance of 2 mm - a 70 um shallow weir - a design
feature intended to trap the spheroid from flowing out of the well and down the outlet channel.
The key dimensions of the flow cell 1 chip are depicted in Figure 2.1. The spheroid microwell, at
the centre of the chip, was made by drilling through completely to leave a cylindrical access port
3 mm deep and 2 mm wide. A glass coverslip was glued to the bottom to create the spheroid
microwell. Previous imaging optimisation conducted by Dr Collins in the development of the
flow cell 1 chip showed that use of a milled glass slide as the bottom of the microwell produced
difficulties with imaging due to light refraction of the milled surface. Therefore, a coverslip was
best suited for optical purposes. The wells at each end of the chip were designed to interface
with a standard plastic syringe (for cleaning protocols). A polydimethylsiloxane (PDMS) plug was
also designed to fit into the port above the spheroid well, allowing for a spheroid to be
transferred into the well with a pipette, and then covered with the plug to prevent leakage.

PDMS is gas permeable so it permits oxygen exchange to maintain spheroid viability.
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Figure 2.1: 3D rendering of the flow cell 1 chip and key internal features

AutoCAD was used to render a 3D representation of the channels and spheroid well in the flow cell 1
device. The device was made from 2 thermally bonded pieces of glass, with channels milled into the
bottom piece. The key internal features included a deep channel of 0.6 mm depth which lead to a spheroid
microwell 2 mm in diameter, a shallow channel or “weir” 0.075mm deep on the outlet side of the spheroid

well, and another deep channel leading to the outlet port
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2.3.2 Flow cell 2 chip

After initial experiments with the flow cell 1 chip revealed the system’s failure to harbour the
volumes of Matrigel and size of spheroids required for prospective studies, it was decided that
a newer version of the chip would be produced featuring a larger spheroid microwell. In
collaboration with Dr lles, the flow cell 2 chip was designed and fabricated (fabrication is
described in section 2.3.3). The general structure of the chip (2 thermally bonded glass slides),
wells (1 inlet, 1 spheroid chamber, and 1 outlet), and channel systems remained the same as in
the flow cell 1 design but with a few significant design differences: the diameter of the spheroid
microwell was increased, the weir (shallow channel) on the outlet side was removed, and where
the channels met the spheroid microwell a teardrop shape was used for the interface rather
than a direct junction of a straight channel to a circular well. The channels remained 0.6 mm
deep and 1.5 mm wide. The key dimensions of the flow cell 2 chip are summarised in Figure 2.2.
The justifications for the optimisation of flow cell 1 and the work comprising the evolution to

the flow cell 2 chip are described in detail in results Chapter 3.

2.3.3 Fabrication

Chips (both flow cells 1 and 2) were designed in collaboration with Dr Alex lles at the Lab on a
Chip Fabrication Facility at the Department of Chemistry and Biochemistry (University of Hull).
Chips were fabricated at this facility by Dr lles by thermally bonding two glass slides (Schott B270)
together. Channels and wells were milled using a Computer Numerical Controlled (CNC)
machine (Datron, Germany) with a diamond milling tool of 1 mm diameter (Eternal Tools, UK).
To create a base that allows imaging on the chip (see section 2.3.1), a borosilicate glass coverslip

was glued to the bottom of the device where the spheroid resides.

2.3.4 Polydimethylsiloxane (PDMS) plug casting

PDMS “plugs” were used to seal the open port which comprised the top of the spheroid
microwell in the flow cell 1 and flow cell 2 devices. PDMS is a gas permeable, silicon-based
organic polymer. Therefore, it allowed oxygen exchange to help maintain spheroid viability. A
polytetrafluoroethylene (PTFE) mould was fabricated by Dr Alex lles to allow x 8 plugs to be cast
simultaneously at the appropriate size determined for sealing the top of the spheroid chamber.
The PTFE mould was cleaned using 70% ethanol prior to plug casting. Plugs were cast by
combining PDMS with a catalyst curing agent (Sylgard) at a 10:1 ratio and centrifuging for 3 min
at 1700 x g. A glass slide was used to remove excess, smooth the surface, and seal the mould
shut. This was left to set for a minimum of 2 days before plugs could be gently removed from

the glass/mould with a scalpel.
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2.3.5 Microfluidic device cleaning

Microfluidic devices were cleaned routinely between uses. For routine maintenance cleaning,
chip channels and the spheroid well were filled with virusolve and allowed to soak for 3-5 min
before the system was flushed with 70% ethanol. Chips were then flushed with 70% ethanol, DI
water, and air using syringes. The flushing process was done a minimum of 3 times or until all
debris and bubbles were cleared. Once chips were clean and dry, they were autoclaved and then
stored in a sealed container until the next use. Chips were also periodically (after 3-4 uses) deep

cleaned using acetone.

2.3.6 Microfluidic interfacing and setup

Most experiments in this study used comparisons between “static” and “flow” conditions, unless
other experimental designs were specified. The general workflow for these experiments is
depicted in Figure 2.3. In the flow condition, spheroids were grown as described in section 2.2.1
before being transferred to a chip. Before transferring, approximately 150 pL of media was
gently removed from the spheroid well on the ULA plate. Then, using a 200 plL cut pipette tip
the spheroid was retrieved in a volume of = 45 ulL and gently pipetted into the spheroid
microwell of the chip. A volume of 45 L of ice cold Matrigel was added to the chip microwell
with the spheroid and allowed to set for 3-5 min. Before inserting the PDMS plug into the
microwell opening to seal it, culture media was pipetted into the system (channels) to fill it. This
reduced the formation of air bubbles in the spheroid microwell by eliminating dead air space in

the well. Up to 6 chips could be prepared in this manner and used in the setup described below.

The chips were then attached to an electronic syringe pump set to 3 uL min'* (Harvard Apparatus)
to produce a continuous flow rate. A plastic syringe (BD, Oxford, UK) filled with culture media
was secured in the syringe pump and attached to Tygon tubing with a 200uL pipette tip, which
had been cut to fit securely over the syringe nozzle. The tubing had an outer diameter of 2.29
mm and inner diameter of 1.27 mm. At the outlet end of the chip, the interface was the same
except that the tubing lead to a centrifuge tube (Falcon, Thermo Fisher Scientific) which served
as a collection pot for effluent media. For this, centrifuge tubes were sealed with parafilm and
tubing was inserted through the parafilm. To maintain a stable temperature of 37°C, the chip
was housed in an egg incubator (Covatutto, Novital, Italy). However, the egg incubator was not
CO, regulated. An image of a typical flow setup is depicted in Figure 2.4. In parallel, spheroids
were maintained in static conditions in a ULA plate housed in a standard cell culture incubator.
Media was replenished at t = 0 timepoint, equivalent to the start of perfusion in flow
experiments. To replenish media, 100uL of spent media was gently removed from each well and
100 pL of fresh media was added. DMEM in both conditions was supplemented with 1%

Penicillin-Streptomycin (Lonza) to mitigate risk of infections.

23



Channels

w=15mm
/=28 mm
h=0.6 mm
¢ )
......................... _>
e DR n i Direction of flow

Spheroid well Viewing port
d=5mm d=5mm
h=2mm h=1mm

Figure 2.2: 3D rendering of the flow cell 2 device internal structures

AutoCAD was used to render a 3D representation of the internal elements of the flow cell 2 device design. The device featured a single channel 0.6 mm in depth with a spheroid
well in the middle of the device. The spheroid well was 5 mm in diameter. There was a viewing port made by a 1 mm deep circular recess at the bottom of the well. Above the

viewing port, the shape of the well was a “teardrop” to prevent the formation of bubbles in the well.
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Figure 2.3: Schematic of static v. flow experimental setup

A schematic drawing of the static and flow experimental setups. Static used the plate that spheroids were
formed in to house them, whereas the flow system used a syringe pump to produce continuous perfusion
of media over spheroids in the microfluidic device. Experiments could be conducted in Matrigel by adding
it to the static wells and to the spheroid microwell in the device. Image was created in Biorender.com.
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of flow

Figure 2.4: Microfluidic device setup for flow condition

Disposable, plastic syringes filled with complete DMEM were connected to microfluidic devices placed
inside an egg incubator (A). The egg incubator was not humidified or CO; regulated. The flow rate on a
Harvard Apparatus syringe pump was set to 3 uL min't and DMEM was continuously perfused through the
system for a set amount of time. Effluent media was collected in a centrifuge tube sealed with parafilm
(B). Scale bar =30 mm (B).
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2.3.7 Extracellular matrices on-chip

Previous studies in our lab were conducted to optimise the use of hydrogels on-chip with our
microfluidic device design (Collins, 2019b). Following from the results of that work, it was
determined that Matrigel (Matrigel Basement Membrane Matrix, Corning) would be used as the
hydrogel of choice. Matrigel is commonly used to study migration and invasion and has been
used with 3D cell cultures previously (Vinci et al., 2012). Prior to hydrogel incorporation into the
device, the chip was cleaned and all air was flushed from the channels using empty syringes.
Chilled pipette tips (stored in -20°C) were used to load Matrigel into the spheroid microwell. It

was then allowed to set before a spheroid was transferred into the matrix with a pipette.

2.3.8 Effluent media collection

Effluent media samples were collected at appropriate time points for both static and flow
conditions. In the static experimental setup, 100uL of media was removed from each spheroid
well and collected into a microcentrifuge tube. Media from 3 wells was collected into 1 tube, for
a total volume of approximately 300pL. In the flow condition, effluent media from 3 chips was

collected into a centrifuge tube as described in section 2.3.8.

Conditioned media from both static and flow experiments was spun for 5 min at 2000 rpm to
remove debris and floating cells. The cleared conditioned supernatant was collected and

immediately stored at -20°C until use in subsequent analyses.

2.4 Exposure to hypoxic conditions

A H35 Hypoxistation hypoxia chamber (Don Whitley Scientific, UK) was used for achieving
hypoxic conditions of 1% O,. Humidity (75%), CO,(5%), and temperature (37°C) were monitored
and maintained. Hypoxic samples were collected in the chamber and lysed immediately after

retrieval.

2.5 Transcript analysis

2.5.1 Total RNA extraction

The Aurum Total RNA mini Kit (Biorad, UK) was used for RNA extraction. The manufacturer’s
instructions were followed with minor adaptations relevant to spheroids. Briefly, 3
spheroids/sample were collected into microcentrifuge tubes (Eppendorf, Sigma-Aldrich, UK).
Tubes were centrifuged briefly to pellet the spheroids and allow for removal of media. In cases
where extracellular-like matrices (ECM) were used, cell recovery solution (Corning, Sigma
Aldrich, UK) was first added to tubes and allowed to work for 15-20 min on ice. Spheroid pellets
were gently washed with ice cold 1X PBS and spun down before removing PBS, and this process

repeated another 2 times for a total of 3 washes. Once all media and PBS was removed, pellets
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were re-suspended in lysis solution and one equivalent volume of 70% ethanol was added and
thoroughly mixed to render cell lysates. The lysates were loaded into an RNA binding column to
be washed and centrifuged several times. Lysates in the column membranes were also
incubated in 1X DNAse | solution for 15 min at room temperature to remove any traces of
genomic DNA (deoxyribonucleic acid). Lastly, columns were transferred to fresh microcentrifuge

tubes to collect final samples, which were eluted in 30 — 50 pL of elution solution.

Total RNA samples were stored at -80°C to prevent degradation of RNA material. Samples were
quantified using a Nanodrop Light (Thermo Scientific) and assessed for purity by using the
260/280 absorbance reading. A ratio of ~2 suggested a pure RNA yield, and only ratios between

1.8 — 2.1 were accepted for use in subsequent experiments.

2.5.2 cDNA synthesis

Reverse transcription of mRNA into cDNA from total RNA extracts was conducted using the
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientfic), per the manufacturer’s
instructions. In brief, a master mix containing 1 mM dNTP, 10 um oligo d(T), 1 U/uL RNAse
inhibitor, 10 U/uL reverse transcriptase, and 1X reaction buffer was prepared in DEPC water
(diethyl pyrocarbonate-treated water). The master mix was distributed into small PCR tubes
each containing 1 pg of template RNA. To check for contamination during the synthesis process
a no-template control (NTC) was also prepared in parallel where DEPC water was substituted for
the RNA template in a tube including all other components of the mastermix. Samples were
mixed and briefly centrifuged before being placed into a thermal cycler (TC3000 Thermal Cycler,
Techne, UK). A reaction program on the cycler was used to heat the samples for 1h at 42°C and
5 min at 70°C. Samples were then either kept on ice for immediate use or stored at -20°C for

future use.

2.5.3 Quantitative PCR

Relative mRNA expression was analysed with real time quantitative PCR (qPCR) using Quantifast
SYBR Green assay (Qiagen, UK), and QuantiTECT (Qiagen, UK) or in-house designed gPCR primers
(synthesised by Sigma-Aldrich, UK). In-house designed primers were developed and optimised

by previous lab members. See Table 2.2 for a list of the primers used in all experiments.

To perform the gPCR reaction, a mastermix was prepared with 1X SYBR Green, 1X ROX reference
dye, and cDNA sample diluted 1:10 in RNAse-free DEPC water. 2 uL of primer was first added to
wells in a 96-well reaction plate (Applied Biosystems). Where custom designed probes were
used, 1 pL of forward and 1 pl of reverse paired primers were pipetted into the well fora 2 pL
final primer volume at a final concentration of 0.1uM, diluted from 100uM stocks. 18 pL of cDNA

mastermix was then added for a final reaction volume of 20 pL per well. Reaction plates were
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sealed with optically clear adhesive covers (Applied Biosystems) and briefly centrifuged to pool
well contents. The PCR machine (Step One Plus Real Time PCR System, Applied Bioscience, USA)
was programmed to perform an initial denaturation for 2 min at 95°C followed by 40 two-step
cycles of denaturation at 95°C for 5 sec and annealing/extension at 60°C for 10 sec. A melt curve
stage was added for first-time runs with new primers to check for primer-dimers and nonspecific
products. All samples were assayed in triplicate and each primer assay included NTC wells with
water substituted for cDNA. StepOne Plus software (Applied Biosciences, USA) was used to
generate the cycle threshold (Ct) values by adjusting the baselines of each amplification plot to
intersect with the start of the exponential phase. The mean C; values were used to calculate the
relative expression of gene targets using the 2T method (Livak & Schmittgen, 2001). B,
microglobulin (B2M) was used as the housekeeping gene for all gPCR experiments due to the

consistent expression across systems (Dydensborg et al., 2006).

2.6 RNA sequencing

MRNA (messenger RNA) samples were obtained following the protocol outlined in section 2.5.1.
23 uL of each sample (in elution buffer) was transferred into a fresh 1.5 mL microcentrifuge tube
and sealed with parafilm, ensuring that a minimum of 400 ng per sample was provided. Samples
were kept on ice until being packaged in dry ice and shipped to Novogene (Cambridge, UK) for
sequencing. Quality control was conducted by Novogene and these results can be found in
Appendix figure 1 - 6. The sequenced reads/raw reads for RNA-seq often contain low quality
reads or reads with adapters, which can affect the analysis quality and reliability. To avoid this,
it is necessary to filter the raw reads to get the clean reads. Raw reads were filtered as follows,

according to Novogene:

. Remove reads containing adapters;

o Remove reads containing N > 10% (N represents base that could not be determined);

o (3) Remove low quality reads: The Qscore (Quality value) of over 50% bases of the
read is <=5.
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Table 2.2 List of primers used for SYBR Green qPCR

Target Amplicon  Catalogue reference or Supplier
gene length sequences 5’ >3’
symbol
ABCA8 98bp QT00011095 Qiagen
ACTL8 122bp QT00199934 Qiagen
ASF1B 79bp QT00007224 Qiagen
B2M 98bp QT00088935 Qiagen
BARHL1  150bp QT00214599 Qiagen
BLM 89bp QT00027671 Qiagen
BNIP3 73bp QT00024178 Qiagen
BRCA1 60bp QT00039305 Qiagen
BRCA2 93bp QT00008449 Qiagen
CA9 160bp F: GGAAGGCTCAGAGACTCA Sigma-
R: CTTAGCACTCAGCATCAC Aldrich
CDH1 104bp QT00019418 Qiagen
E2F1 73bp QT00016163 Qiagen
EXO1 150bp QT00080717 Qiagen
FEN1 77bp QT00064722 Qiagen
Lox 174bp F: GTTCCAAGCTGGCTACTC Sigma-
R: GGGTTGTCGTCAGAGTAC Aldrich
MCM6 70bp QT00059570 Qiagen
MMP1 103bp QT00014581 Qiagen
MT-MMP1  144bp F: CCCCGAAGCCTGGCTACA Sigma-
R: GCATCAGCTTTGCCTGTTACT ~ Aldrich
PTGS2 68bp QT00040586 Qiagen
RAB6C 92bp QT00219366 Qiagen
RAD51 83bp QT00031493 Qiagen
RRM1 103bp QT00066717 Qiagen
RRM2 79bp QT00039480 Qiagen
SNAIL 69bp F: GACCACTATGCCGCGCTCTT ~ Sigma-
(SNAIL) R: Aldrich
TCGCTGTAGTTAGGCTTCCGATT
VEGFA 121bp F: CTACCTCCACCATGCCAAGT Sigma-
R: CTCGATTGGATGGCAGTAGC ~ Aldrich
VIM 94bp QT00095795 Qiagen
WEE1 118bp QT00038199 Qiagen




wsB1 107bp Q100064127 Qiagen

2.6.1 RNA-sequencing results

The results of the RNA-sequencing were presented in an Excel spreadsheet listing all of the
transcripts detected in the samples. Differential expression analysis was performed (by
Novogene) between two conditions (static and flow) with 3 biological replicates for each using
the DESeq2 R package. Differential expression of genes was determined using statistical routines
in the software based on a negative binomial distribution. Resulting p values were adjusted using
the Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). Only
genes with an adjusted p value < 0.05 determined by DESeq2 were assigned as differentially
expressed in the resulting dataset provided. However, all transcript data was provided, including
non-differentially expressed genes. The fold change between static and flow samples expressed
as log2(fold change) were provided for each transcript. Log-transformed expression were used
to better model proportional changes between conditions, which is more biologically relevant

(Feng et al., 2014).

2.7 Insilico analysis of RNA-sequencing data

2.7.1 Heat map generation

The software NetworkAnalyst (Xia Lab, McGill University, Canada; networkanalyst.ca), was used
to produce the heatmap of differentially expressed genes. Transcript names and corresponding
log2(fold change) values were entered in the software database. The software automatically

allocated colour gradient according to the range of values entered.

2.7.2 Pathway enrichment analysis

Ingenuity pathway analysis (IPA; Qiagen) was used to perform pathway enrichment analyses. A
full list of gene names from RNA-sequencing — including genes upregulated, downregulated, or
unchanged — along with ENSEMBL IDs, log2(fold changes), fold changes, and p-values were
uploaded to IPA for the software to process and analyse, free from bias. In a limited number of
cases, uploaded items were not recognized by the software’s database and therefore removed

from the list of “analysis-ready” molecules.

2.7.3 Online tools for biomarker validation

2.7.3.1 TNMplot for gene expression comparisons in normal and tumour tissues
The online tool TNMplot was used to compare expression of target genes in normal and tumour

tissues (tnmplot.com/analysis; (Bartha & Gyorffy, 2021)). A target gene of interest was entered
into the tool and analyses were conducted using gene chip array-based data as well as RNA-seq
based data. Unpaired and paired tissue samples from publicly available breast cancer patient

databases were used for the analyses performed. Unpaired samples were normal tissue samples
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of the breast compared to tumour samples of the breast, from different patients. Paired samples
were taken from breast tumours and adjacent normal tissue of a patient. Statistical significance
was computed using Mann-Whitney tests for gene chip array-based data and Wilcoxon tests for

RNA-seq based data.

2.7.3.2 Kaplan-Meier plot generation for patient survival analysis
Kaplan-Meier plots were generated using the publicly available online tool KMplot to assess the

correlation between expression of target genes and patient survival (Lanczky & Gyorffy, 2021).
Affymetrix probes in the tool were selected for each gene and all patient criteria were included
in the analysis unless otherwise noted. The median was used to split patient cohorts into groups
determined by “high” and “low” expression values of genes of interest. This generated a Kaplan-
Meier survival plot with hazard ratios with 95% confidence intervals and logrank P values

calculated by the database.

2.7.3.3 cBioPortal
The online platform cBioPortal was used to map expression of a gene of interest against clinical

attributes integrated into the online analysis tool. The clinical attribute used for this project was
hypoxia score, and two forms were used: the Winter hypoxia score and the Buffa hypoxia score
(Buffa et al., 2010; Ye et al., 2019)). The patient database used was the TCGA (The Cancer

Genome Atlas) Pan-cancer atlas for breast invasive carcinoma (Liu et al., 2018)).

2.7.3.4 ROCplotter
The online tool ROCplotter was used for evaluation of a gene of interest as a predictive

biomarker for breast cancer (rocplot.org). The tool generated a ROC (receiver operating
characteristic) plot with AUC (area under the curve) computed to assess the prognostic power
of the input gene. This process is described in more detail in the experimental design section of

chapter 5, where it was used for analysis.

2.8 Protein analysis

2.8.1 Celllysis and protein extraction

Cells or spheroids were collected from experimental conditions for protein harvest. For
monolayer cells seeded in plastic dishes (Nunc, Thermo Scientific), media was removed, and cells
were gently washed with 1X PBS at room temperature. Cells were then scraped from the dish in
1X PBS and the cell suspension was transferred to a microcentrifuge tube. For 3D experiments,
spheroids were collected from a 96-well ULA plate (static) or from the microfluidic device (flow)
into a microcentrifuge tube. The samples were spun and washed with cold 1X PBS to remove

any traces of Matrigel or other debris.
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At this stage, both static and flow samples were resuspended in a volume of urea/Tris-HCI (UTB)
lysis buffer (9M Urea; 75mM Tris-HCI pH 7.5; 0.15M [3-mercaptoethanol). Sample lysates were
then sonicated using a Bioruptor (Diagenode, Belgium) for 5 min on high setting. Next, sample
lysates were centrifuged for 15 min at 20,000 x g at a temperature of 4°C to pellet sheared
material. The clarified sample supernatants were transferred to fresh microcentrifuge tubes and

stored at -20°C.

2.8.2 Protein quantification and sample preparation

Whole cell lysates collected as described in section 2.8.1 were quantified using a Nanodrop Light
(Thermo Scientific) before being diluted to a set volume and concentration such that each
sample contained 30 ug of protein, for equal loading in subsequent experiments. Sample buffer
(3.3% SDS; 6M Urea; 17 mM Tris-HCI pH 7.5; 0.01% bromophenol blue; 0.07 M B-
mercaptoethanol) was then added to each sample, and sample mixtures were heated on a heat
block (Techne Dri-Block DB-3D, Sigma Aldrich, UK) for 5 min at 95°C. Finally, sample tubes were

briefly centrifuged to pool all sample material at the bottom of each tube before loading.

2.8.3 SDS-PAGE

Prior to Western blotting, protein samples were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Electrophoresis was used to run negatively
charged proteins through a polyacrylamide gel to differentiate proteins based on mass. Gels
were hand cast as per the established recipes outlined in Table 2.3. Protein samples and a
molecular weight ladder (Blue Easy Pre-stained Protein Ladder, Geneflow, UK) were loaded into
gels assembled in an electrophoresis tank filled with 1X running buffer (see Table 2.4). The gel
was then run at 100-120V for 1.5h or until the dye migration front approached the end of the
gel. All equipment used in the casting of gels and running of SDS-PAGE was supplied as part of

the Mini-Protean Tetra Cell system (BioRad, UK), unless noted otherwise.

Table 2.3 Composition of polyacrylamide gels for SDS-PAGE (volumes given for casting two
1mm-thick gels)

Reagent 10% Resolving gel 15% Resolving gel Stacking gel
MilliQ water 6.07mL 3.75mL 6.1mL
0.5M Tris pH 6.8 -- -- 2.5mL
1.5M Tris pH 8.8 3.75mL 3.75mL N/A
Acrylamide 4.95mL 7.25mL 1.3mL
10% SDS 150pL 150pL 100uL
10% APS 75uL 75uL 100uL
TEMED 18uL 18uL 40pL
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Table 2.4 Composition of running and blotting buffers used for SDS-PAGE and Western blotting
(volumes for 10X concentrated stocks)

Reagent Running buffer Blotting (transfer) TBS (pH 7.4)
buffer

Tris base 30.2g 30.2g 24g

Glycine 144g 144¢g -

SDS (pellets) 10g -- -

NaCL -- - 88g

MilliQ water TopuptolL Top up to 1L Top up to 1L

2.8.4 Western blotting

Once electrophoresis was stopped, proteins were transferred onto a PVDF (polyvinylidene
difluoride; GE Healthcare) membrane that had been activated in methanol for 5 sec. The transfer
was performed in 1X transfer buffer with 20% methanol (see Table 2.4) for 1h at 100V. Once
complete, the PVDF membrane was removed from the transfer assembly and blocked for 1h in
milk solution (5% non-fat powdered milk in TBST) to prevent non-specific binding of antibodies.
Then the membrane was washed in TBST (10% 10X TBS (Tris-Buffered Saline; see Table 2.4) and
0.1% Tween 20 diluted in MilliQ water) before overnight incubation at 4°C with primary
antibody diluted in a solution of 1% milk-TBST or a solution of BSA (bovine serum albumin), in
accordance to the datasheet provided by the manufacturer (refer to Table 2.5 for primary
antibodies used). Following incubation with the primary antibody, membranes were thoroughly
washed in 1X TBST (3 x 10 min) and then incubated for 1h at room temperature with the
appropriate secondary antibody (Dako, Denmark) diluted 1:2000 in 1% milk-TBST. Then the
membrane was washed with 1X TBST again before imaging. A ChemiDoc XRS+ System and Image
Lab software (BioRad) were used to image blots. Membranes were briefly incubated with
chemiluminescence substrate (Clarity Western ECL Substrate, BioRad) before transfer to an
acetate sheet for imaging on the ChemiDoc. Densitometry analyses of blots could then be
performed using Imagel) software (NIH, USA). Bands were quantified as relative expression of

the control, with beta actin as the loading control for all blots.
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Table 2.5 List of antibodies used for Western blotting

Target Manufacturer Reference or Dilution Origin Expected band
Cataloge No. size (kDa)
B-Actin Santa Cruz sc-47778 1:200 M 42
E-cadherin Cell Signaling 3195 1:1000 R 135
HIF-1a Becton 610958 1:500 M 120
Dickinson (BD)
Biosciences
HK2 Cell Signaling 2867 1:1000 R 102
p53 (DO-1) Santa Cruz sc-126 1:2000 M 53
RPA32 Cell Signaling 2208 1:1000 Rat 32

M = mouse; R = rabbit

2.9 VEGF (vascular endothelial growth factor) ELISA (enzyme-linked
immunosorbent assay)

To quantify levels of VEGF secreted from spheroids a sandwich ELISA for VEGF was conducted
per manufacturer’s instructions (Quantikine, R&D Systems). In brief, conditioned media samples
from spheroid experiments were collected (see section 2.3.8) and added to wells of the ELISA
plate. Immobilised monoclonal antibodies specific to VEGF at the bottom of the wells caused
antigens present in the media samples to bind and become immobilised. Washing was used to
remove any unbound substances before an enzyme-linked polyclonal antibody specific to
human VEGF was added. Wells were washed again to remove any unbound antibody-enzyme
reagent before adding a substrate solution which developed colour in proportion to the amount
of VEGF bound in the well. The intensity of the colour signal was measured using a FLUOstar

Omega plate reader (BMG Labtech) set to a wavelength of 450 nm.

2.10 Statistical analysis

All experiments were replicated at least three times to yield three independent biological
replicates, unless otherwise stated. Within a biological replicate, inter-experimental triplicates
were used unless noted otherwise in following results chapters. In general, observable
differences between spheroids kept in static and flow conditions were assessed using suitable
statistical tests. Paired t-tests with were used to compare two groups (e.g. static and flow
conditions). Where more than two groups were compared with one another, ANOVA followed

by Kruskal-Wallis testing was used. The standard error of means (SEM) were calculated and
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reported on graphs as error bars. GraphPad Prism software version 9 (California, USA) was used

for statistical analyses unless stated otherwise in figure legends or chapter methods.
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Chapter 3 Refinement of a spheroid-on-chip microfluidic system
for investigating interstitial flow effects on spheroid biology
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3.1 Introduction

The TME is subjected to a variety of biomechanical forces due to the altered stroma created by
abnormal vasculature and matrix stiffness in many tumours. Whilst these biomechanical cues
have been acknowledged as playing important roles in the biology of the TME, they are still
poorly understood. One such biomechanical cue is fluid flow, which in the case of the TME refers
to interstitial fluid flow (IFF). Microfluidics are well suited to fluid flow investigations given their

tight control of flow rates and command of the experimental environment.

3.1.1 Spheroid-on-chip models

3D spheroids are better at recapitulating the TME than conventional cell culture models where
cells are grown in 2D on plastic (Luca et al., 2013). Spheroids include complex architecture
creating dynamic cellular interactions in 3 dimensions that are closer to those seen in vivo. A
number of diverse platforms have arisen for both the formation and use of spheroids including

microfluidics, often referred to as spheroid-on-chip models (Ro et al., 2022).

Spheroids on-chip broadly fall into two main categories: spheroids generated on-chip for high
throughput applications or spheroids on-chip for the study of the TME. An example of a high
throughput spheroid-on-chip application was reported by Chen and colleagues (Chen et al.,
2015). They developed a microfluidic platform with the purpose of “sphere” formation, or
spheroid formation. 3D spheroid cultures were generated uniformly across the microfluidic
plate and it could house 1024 spheroids simultaneously. The platform was used to test the
effects of photodynamic therapy on cancer cells in the 3D cultures, with a focus on the high
throughput capability of the system. Other similar examples exist such as a study by Sakai and
colleagues where they developed a microfluidic chip to form and culture spheroids under
perfusion with multiple spheroid array chambers on the chip, allowing for culture conditions to
be tested simultaneously (Sakai et al., 2014). These represent only a couple of the ways
spheroids on-chip have been recruited into the high throughput market, but demonstrate the

variety of methods that can be created using spheroids and microfluidics for these purposes.

The other category of TME-on-chip is also a rapidly growing field, and the combination of 3D
spheroids and microfluidic models are often utilised in combination to replicate the TME (Mehta
et al.,, 2022). In fact, “tumour-on-a-chip” is a well recognised term now, reflecting the growing
interest in the use of such models. Similar to the high throughput applications described above
(and indeed sometimes even overlapping with them), tumours on-chip rely on microfluidics to

provide continuous perfusion to sustain spheroids for longer durations of time (Trujillo-de
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Santiago et al., 2019). Notably, many of the studies that use microfluidics in either of these broad
categories don’t investigate perfusion, or flow, but simply use it as a feature of their chip design.
In contrast, other studies have emerged citing changes in expression patterns of cells exposed
to fluid flow on-chip. A limited number have used 3D spheroids, but many rely on 3D cell culture
suspensions where single cells are seeded into hydrogels (Fuh et al., 2021). Without the union
of flow and spheroids in a system, these models often fail to fully recapitulate the TME. Whilst
it is difficult to reproduce all the environmental components and biomechanical cues present in
the TME, fluid flow effects on 3D spheroids appear to have been largely overlooked in the

literature.

3.1.2 Chapter specific hypothesis, aims and objectives

To address the need for a better understanding of how fluid flow affects the biology of 3D
spheroids we sought to use our lab’s microfluidic device to examine this relationship. Previous
work in our lab developed a microfluidic device capable of housing viable spheroids for up to
72h in continuous perfusion to study the effects of flow. However, to achieve reproducible and
meaningful results, some adjustments were required to the design of the chip. We hypothesized
that by refining and advancing the previous design, known as flow cell 1, we could conduct
investigations into molecular and cellular changes occurring as a result of fluid flow. Therefore,

the following aims were identified for this chapter:

1. Identify areas of improvement in the flow cell 1 chip design.

2. Develop a new chip design, the flow cell 2, incorporating the improvements identified
in the flow cell 1 design.

3. Establish viability of spheroids in the flow cell 2 system.

4. Optimise the protocols for extracting cellular components, such as RNA and protein,

from static and flow spheroid lysate samples.

3.2 Experimental design

3.2.1 Identification of areas needing improvement in the flow cell 1 chip design

Preliminary experiments were conducted using the flow cell 1 system. The flow cell 1 chip was
described in detail in section 2.3.1. Calculations of features such as well volume, shear stress,
residence time of media in the system, and flow velocities were used to characterise the system.
These were compared against the needs of future experiments and modified accordingly, as

described in the results portion of this chapter.
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3.2.2 Design and fabrication of the flow cell 2 chip

The flow cell 1 chip was refined to better accommodate the experimental setup desired for our
investigations. In collaboration with Dr lles, the flow cell 2 chip was designed and fabricated
(fabrication was described in section 2.3.3). The general structure of the chip (2 thermally
bonded glass slides), wells (1 spheroid chamber), and channel systems (1 inlet and 1 outlet)
remained the same as in the flow cell 1 design but with four significant design differences. First,
the diameter of the spheroid microwell was increased from 2 mm to 5 mm. Second, the weir on
the outlet channel side was removed. Additionally, where the channels met the spheroid well a
teardrop shape was used for the connection rather than a direct junction of a straight channel
to a circular well. And lastly, rather than creating a teardrop shape for the entire spheroid
chamber, a 1 mm circular recess remained at the bottom of the well where the microscope cover
slip was positioned for optimal viewing at the bottom of the well. The overall rectangular shape
of the chip remained the same as well which made the chip approximately the size of a
microscope slide and therefore easily permitted imaging. The justifications for these changes

and details of the modifications are discussed in more detail in results section 3.3.1..

3.2.3 Microfluidic protocols
Microfluidic protocols were conducted as described in section 2.3. Where modifications or

improvements were made, they will be described in the results portion of this chapter.

3.2.4 Brilliant blue visualisation of chip components

Matrigel was selected as the hydrogel of choice for extracellular-like matrices (ECM) in the work
conducted previously by Dr Thomas Collins with the flow cell 1 chip. However, with the diameter
of the spheroid chamber enlarged in the flow cell 2 design and the teardrop shape feature added,
it was necessary to confirm that Matrigel would still stay in the spheroid chamber as it had in
the flow cell 1 design. To test this, Brilliant Blue dye was mixed into ice-cold, liquid Matrigel in a
1:1 dilution. The mixed solution was then loaded into a flow cell 2 chamber (using the volume
determined appropriate for experiments) and allowed to settle for 3-5 min. Then, microscope
images were taken of the interface between the chamber and channels to visually inspect where

the Matrigel settled using an Olympus microscope with a 2x objective (total 20x magnification).

Brilliant blue (undiluted) was also used to visualise the flow of fluid through the system and to

ensure no leaks were present. Images were taken with a handheld camera.

3.2.5 Spheroid growth characterisation

Patterns of spheroid growth were characterised by seeding 3 cell lines, known to produce
varying spheroid shapes, at 5 different densities. The cell lines used were 1) U-87 MG, a
glioblastoma line which has been well characterised previously in forming tight, uniform
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spheroids; 2) MCF7, an ER (+)/PR(+)/HER2(-) breast cancer cell line which forms tight spheroids
and; 3) MDA-MB-231, a triple negative breast cancer cell line that forms compact but irregular
spheroids (Holliday & Speirs, 2011). Cells were seeded and grown as described in detail in section
2.2.1. A growth analysis curve was generated to identify logarithmic growth patterns in each line.
This was aimed at determining an optimal seeding density for spheroids, ideally identifying a

density that would be suitable for both MCF7s and MDA-MB-231s.

3.2.6 Determining viability of spheroids in the flow cell 2 system

3.2.6.1 FDA staining of spheroids
Spheroid viability was assessed over a period of 72h. MCF7 cells were used to form spheroids by

seeding 9.0 x 10* cells per well in a ULA plate. After formation for 96h in a cell culture incubator
undisturbed, spheroids were either kept in the ULA plate (static condition) or incorporated into
the spheroid chamber of the flow cell 2 chip (flow condition). Spheroids were kept in these
conditions for 72h to represent the maximum duration that would be used in subsequent
experiments. FDA staining was performed at the end point of experiments as described in

section 2.2.4.

3.2.6.2 VEGF ELISA
Our lab previously demonstrated that secretion of the protein VEGF was significantly increased

by spheroids housed in the flow cell 1 system compared to static spheroids (Collins et al., 2021).
Additionally, U-87 MG cells have been well described as secreting high levels of VEGF (Mentlein
et al., 2004). Therefore, we used U-87 MG spheroids exposed to static and flow conditions in

our flow cell 2 device to test whether this outcome would be reproduced in our system.

3.2.7 Optimisation of RNA and protein extraction techniques

An aim of this project was to examine how interstitial flow impacted the cell biology of cancer
spheroids. In order to investigate these types of changes it was envisioned that RNA and protein
could be harvested from spheroids in both static and flow conditions to make direct comparisons
between the two. This would require RNA and protein to be collected in quantities sufficient to
be used for downstream analyses such as gPCR and Western blotting. A series of optimisation
experiments for collection of RNA were conducted to ascertain the best methods for

consistently, successfully harvesting material from spheroids.

3.2.8 Evaluation of incubator effects

The use of the external flow incubator for housing microfluidic devices during experiments
introduced a variation between the static and flow experimental setups. To assess whether the
use of different incubators would significantly influence the biology of spheroids, static vs. flow

experiments were setup as described in section 2.3.6, but with the addition of a static plate of
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spheroids kept in the flow incubator during the experiment. 72h experiments were conducted
to test the maximum time plates or chips would be in a given condition. qPCR analysis was used

to determine relative VEGFA transcript levels in 2 modes of comparison:

e Static plate in the flow incubator vs. flow

e  Static plate in regular incubator vs. flow

3.3 Results

3.3.1 Advancement from flow cell 1 to flow cell 2 system

The flow cell 1 chip had been used by our lab previously for preliminary work investigating the
effects of fluid flow on spheroids (Collins et al., 2021). That work laid the foundation for the use
of a spheroid-on-chip system to investigate changes in spheroids exposed to flow. However, to
advance the utility of the device, improve user accessibility, and optimise it for the experimental
designs envisaged for future work, changes to certain design features of the chip were needed.
The identification of those changes, the justifications for them, and the design advancements

resulting in a flow cell 2 system are described here.

3.3.1.1 Characterisation of the flow cell 1 system for identification of necessary
advancements

The dimensions of the chip were outlined in section 2.3.1 and depicted in Figure 2.1. The physical
characteristics of the chip were described by calculating key features of the system. Specifically,
flow velocities and residence times were calculated to describe the chip and characterise some

of the biomechanical forces in the system.

Flow velocities were calculated for each component of the system; tubing, deep channels, and
the shallow channel. The approximate flow velocity, or the internal speed of the media flowing
through each component, was calculated by dividing the volume flow rate set on the syringe
pump by the cross-sectional area of a given component. Therefore, the cross-sectional area of
a rectangle was used for channels and the cross-sectional area of a circle for the tubing. The
cross-sectional area of a rectangle is equal to w x h, and for a circle it is equal to nr. The inner
diameter (ID) of the PTFE tubing used for the interfacing between the flow cell 1 chip and the
syringe pump was 0.5 mm. In all experiments, the volume flow rate on the syringe pump was
set to 3 uL min?, or 5 x 10" m3 s’ The calculations did not take into account the entry speed of

the fluid at each component, but approximated velocity based on the flow rate set on the syringe
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pump. The flow velocities for components in the flow cell 1 system are summarised below in

Table 3.1 and presented in mm mint, m mint, m s, and pm s

Table 3.1: Flow velocities (speeds) of flow cell 1 components

Flow speed
mm min-! m min! ms? ums?
Tubing 15.28 15.28 x 10’3 15.28 x 10 152.8
Deep channels 3.33 3.33x10°3 5.55x 10 55.5
Shallow channels 26.6 0.026 4.44 x 10* 444

Next, residence time of fluid in the flow cell 1 system components was calculated and the results
are summarised below in : . Residence time was calculated by using the flow velocity and
dimensions (length or volume) for each component. Dividing the length of the channel/tubing
by the velocity in mm min! yielded the number of minutes the media spent in each component,
referred to as the residence time. The dimensions of each component of the flow cell 1 chip can
be found in Figure 2.1. An example is shown below in Equation 1 where the length of the tubing
was equal to 150 mm (per the flow cell 1 protocols used) and the flow velocity was 15.2 mm

min?, resulting in a total of 9.8 min in that component of the system.

Equation 1: Residence time of fluid in tubing in flow cell 1 system

Tubing length (mm) + flow velocity (mm min~') = Residence time

150 mm = 15.2 mmmin~! = 9.8 min

Table 3.2: Residence time of fluid in flow cell 1 components

Residence time (min)

Tubing (syringe to chip) 9.8
Deep channel (inlet) 8.3
Deep channel (outlet) 7.5

Shallow channel 0.07 (or 4.2s)

Spheroid microwell 2.5
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The total volume of the spheroid microwell was also calculated to be 7.54 mm?3 (using the
equation for volume of a cylinder — the approximate shape of the flow cell 1 spheroid microwell).
This volume was used to approximate the residence time for the spheroid microwell by dividing
the volume by the flow velocity in the inlet channel. The flow velocity in the inlet channel would

be approximately the speed of the fluid entering the well.

The spheroid microwell volume in flow cell 1 also conflicted with the loading volumes of Matrigel
in the range of 10 — 20 pL that were used for flow cell 1 protocols. Loading a volume larger than
that of the spheroid well caused Matrigel to spill into the channel components of the system.
Furthermore, in static wells on the ULA plate, with total volume capacities of 300 uL, standard
3D cell culture protocols called for a volume of 100 uL Matrigel to be added to spheroid wells
and an additional 100 pL of “replenishment” media to be added on top (Vinci et al., 2012). This
meant that for the static condition, the ratio of Matrigel to spheroid media in the well was 1:1
when Matrigel was added to the static wells. In order to mimic this 1:1 ratio in the flow cell 1
microwell (with a total volume of just under 8 pL) no more than 4 ulL of Matrigel could be loaded
and a spheroid would need to be transferred into the well in 4 pL or less. Loading a volume of
Matrigel that small was not possible due to the viscosity of the hydrogel. Furthermore,
transferring a spheroid in such a small volume of media was not possible without causing
damage to the spheroid or losing it during transfer. Indeed, a method using only air to transfer
spheroids was attempted, where no media was used in the transfer to ascertain whether
spheroids could be moved into the spheroid well with no media to reduce the liquid volume in
the restricted space of the flow cell 1 spheroid chamber. A representative image of a spheroid
transferred in air is shown in Figure 3.1. Ridged structures were evident on the surface of the
spheroid, indicated by the darkened topographical features. This was different to the smooth,
undisturbed surface seen using liquid transfers, indicating that the air only transfer was altering
the shape of the spheroids. The issue of transferring in a larger volume supported the need for

a larger spheroid microwell.
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Figure 3.1: MCF7 spheroid transferred in air

MCF7 spheroids were formed by seeding 3.5 x 10* cells per well in a ULA plate. After 96h of undisturbed
formation, spheroids were transferred to a plastic dish by removing all media from the static well
surrounding the spheroid and cutting a 200 pL pipette tip to pick up the spheroid with air suction. Once
transferred to the plastic surface, microscope images were taken of spheroids to inspect spheroid
morphology. The image above is representative of n=3 transfer attempts. All images were taken at 50x
magnification. Scale bar =200 um.
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3.3.1.2 Development of the flow cell 2 design and characterisation of the system
Identified areas of improvement in the flow cell 1 chip included reducing the flow velocity in the

tubing connecting the syringe to the chip enlarging the diameter of the spheroid well. Firstly,
the tubing was changed from the previous PTFE tubing to silicon tygon tubing (Cole-Parmer,
Tygon Microbore). This tubing was chosen as it was better suited to the interfacing with syringes
and barbed connectors. It also had a wider inner diameter of 1.6 mm which would produce a
slower fluid velocity. The widened diameter resulted in a flow velocity of 1.49 mm mintin the
tygon tubing compared to 15.2 mm min? in the PTFE tubing. The length of tubing from the
syringe to chip was also shortened from 150 mm to 90 mm to reduce the distance that the media
needed to travel. It was also decided that the weir feature of the flow cell 1 chip was no longer
required, as this was originally intended for entrapment of spheroids that were flown into the
chip through the channels. The flow cell 1 design had already been optimised to include the
overhead loading port on the spheroid chamber, negating the need for spheroids to be
incorporated through the channels. A 3D rendering of the internal channels and chamber
structures of the flow cell 2 design was shown in Figure 2.2 . The flow velocities in the flow cell

2 channels and tubing are summarised below in Table 3.3.

Table 3.3: Flow velocities (speeds) of flow cell 2 components

Flow speed
mm min-! m min! ms? pms?
Tubing 1.49 1.49x 103 2.45x10° 24.8
Channels 3.33 3.33x 103 5.55x 10 55.5

The other main need identified for the next generation of the chip was a larger spheroid
microwell. The diameter of the well was increased from 2 mm to 5 mm, yielding an area of 30.52
mm?. The chamber was 3 mm deep (2 mm deep plus 1 mm viewing port recess) giving a total
volume of approximately 90 uL. Another feature added to the well area of the flow cell 2 chip
was a teardrop shape connecting it to the channels. This shape mitigates the formation of
bubbles in the system by reducing corners and dead ends where channels join with the chamber.
Figure 3.2(A) shows a microscope image of the flow cell 2 spheroid well with Matrigel (infused
with Brilliant blue™) incorporated. The teardrop shape of the well is shown in the image and
also demonstrates that the Matrigel did not enter the channel. A total of approximately 90 uL
of DMEM and Matrigel were used in experiments (section 2.3.7) so 90 pl total was used for the
Brilliant blue test. Figure 3.2(B) shows the interfacing between the device and the tubing,
connected by a syringe tip with the tubing directly inserted. Brilliant blue was used to ensure

that no leaks were present in the system from inlet to outlet end.
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Teardrop junction

Spheroid chamber

Figure 3.2 Brilliant blue™ Matrigel in flow cell 2 spheroid chamber Flow cell 2 interfacing with
Brilliant blue™

(A) Brilliant blue™ dye was used to visualise the dispersion of Matrigel in the flow cell 2 spheroid chamber.
Brilliant blue was mixed 1:1 with Matrigel and loaded into the spheroid well. After settling for 3-5 min at
room temperature, microscope images were taken at 20x magnification. Scale bar = 1 mm. (B) Brilliant
blue dye was pumped by hand with a disposable syringe through the flow cell 2 system. The syringe (not
pictured) was connected to the inlet tubing of a clean flow cell 2 device and dye was pumped through the
inlet tubing, the channel, the spheroid chamber, and the outlet to ensure no leaks were present. Scale
bar =5 mm.
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One notable design feature of the flow cell 1 device that was kept in the flow cell 2 design was
the use of a glass coverslip glued to the bottom of the spheroid well, comprising the “floor” of
the well. This feature was incorporated into the flow cell 1 design as part of its optimisation and
advancement process (see section 2.3.1). The glass coverslip permitted clear imaging of
spheroids on-chip using an inverted microscope. As this feature was not identified as an area in
need of improvement in the flow cell 1 design it remained in the flow cell 2 design. However, to
facilitate further ease of imaging in flow cell 2 a viewing port was also added. This was a 1 mm

deep circular recess at the bottom of the spheroid well (refer to Figure 2.2).

Following the changes to the dimensions of the device, the residence times were calculated to
characterise the time fluid spent in each component of the flow cell 2 system. Due to the volume
increased volume of the spheroid microwell and the shorter length of tubing with a wider inner
diameter, it was important to describe how this would affect residence times. Residence times

were calculated using Equation 1 and are summarised in Table 3.4.

Table 3.4: Residence time of fluid in flow cell 2 components

Residence time (min)

Tubing (syringe to chip) 60
Spheroid microwell 27
Channels 8.3

The shear stresses in the flow cell 1 system had been previously characterised by Dr Collins
(Collins, 2019a). The shear stress was then calculated for the flow cell 2 microwell to
approximate the fluid shear stresses imposed on a spheroid in the chip environment. The shear
stress was calculated using equation 2 where: L = viscosity of the medium (DMEM with 10% FBS)
=0.94x103Nsm? Q=flowrate=3 uL mint=5x10*" m3s?, and d =5 mm =5 x 10 m (Frohlich
et al., 2013). The shear stress in the flow cell 1 spheroid microwell was 1.34 x 103 dyne cm? and

in the larger flow cell 2 microwell it was less, at 3.83 x 10°® dyne cm?.

Equation 2: Shear stress

T =32uQ/nd3

Table 3.5: Shear stress in the flow cell 1 and flow cell 2 spheroid microwells

Shear stress (dyne cm?)

Flow cell 1 spheroid microwell 1.34x 103

Flow cell 2 spheroid microwell 3.83x 10°
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Lastly, the Reynolds number was calculated for the flow cell 2 system to verify the presence of
laminar flow in the system channels. The Reynolds number, derived from the Navier-Stokes
equation, provides a mathematical quantity to express the ratio between inertial and viscous
forces acting on a liquid. The Reynolds number equation is shown in Equation 2. For the flow
cell 2 system, p = density of medium = 1007 kg m3, u = velocity of liquid in the channel = 5.55 x
10° m s, d = channel diameter = 1.5 x 103 m, and ¢ = dynamic viscosity of medium (DMEM
with 10% FBS) = 0.94 x 103 Ns m? (Freund et al., 2012; Frohlich et al., 2013; Poon, 2022). This
yielded a Reynolds number of 8.92 x 102, indicating laminar flow because it was below the 1000

value threshold (Freund et al., 2012).
Equation 3: Reynolds number
forces of inertia _pru-d

Re = - -
forces due to viscosity U

(1007 kg m3)(5.55 x 107> m s~ 1) (1.5 x 1073 m)
e =

=8.92x1072
(0.94 x 10-3 Ns m?) x

In summary, design modifications were made to the flow cell system design to accomplish the
experimental setup required for future work. Table 3.6 summarises the differences in physical
characteristics between the flow cell 1 and flow cell 2 chips. The velocity of the media in the
tubing from the syringe to chip was decreased from 152.8 um s to 24.8 um s%. It remained the
same in the channel component because the dimensions of the deep channel in flow cell 1 were
kept for the channels in flow cell 2. Residence times in the flow cell 2 system were increased in
the flow cell 2 system, except for the in the channels due to remaining the same (other than the
removal of the shallow channel on the outlet side). The time fluid spent in the tubing in flow cell
2 increased by just over 50 min, whilst it increased by 24.5 min in the spheroid microwell. And
finally, the shear stress in the spheroid microwell was substantially reduced in the flow cell 2

spheroid well compared to flow cell 1.
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Table 3.6: Comparison of physical characteristics in the flow cell 1 system to the flow cell 2
system

Flow Cell 1 Flow Cell 2
Fluid velocities (um s?)
Tubing velocity 152.8 24.8
Channel velocity 55.5 55.5
Residence times (min)
Tubing 9.8 60
Spheroid microwell 2.5 27
Channels 75-83 8.3
Shear stress (dyne cm?)
Spheroid microwell 1.34x 103 3.83x 10

3.3.2 Viability of spheroids in flow cell 2 system

To assess cell viability in spheroids, FDA staining was used to visualise viable cells. Spheroids
kept in static and flow conditions were stained after 72h and images were used to identify the
presence of viable cells. Figure 3.3 shows a representative image of a static spheroid (A) and a
flow spheroid in the flow cell 2 device (B). Figure 3.4 shows a representative image of MCF7
spheroids in the flow cell 2 chip that were stained with FDA. Viable cells were indicated by the
presence of the green fluorescent dye which signifies that cells have metabolised the FDA,
converting it to fluorescein (Jones & Senft, 1985). In both panels A and B, the spheroids were
green, indicating the presence of viable cells. The image also demonstrates the morphological
difference in spheroid edges between the use of Matrigel in the well (B) versus the spheroid in

media only (A).

Fluorescence was quantified as described in section 2.2.5 for both static and flow spheroids.
Quantified fluorescence is represented in Figure 3.5. The CTCF values for static and flow
spheroids were calculated as described previously. Relative fluorescence was determined by
dividing flow CTCF values by their static counterparts. The relative fluorescence intensity of flow
spheroids was not significantly increased compared to static spheroids. However, a large SEM

was present as a result of variation between replicates.
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3.3.3 Evaluation of secreted VEGF levels in flow cell 2 system

A VEGF ELISA was also used to assess secreted levels of the protein from static and flow U-87
MG spheroids. These cells are known to secrete high levels of VEGF, therefore providing a
benchmark to assess whether spheroids in our flow cell 2 system were reproducing previously
characterised traits. Figure 3.6 shows the results of this preliminary test on n=1 effluent samples
from static and flow U-87 MG spheroids. Statistical testing was not performed due to the low
sample size. However, after just 24h in the flow system spheroids secreted 6353 pg/spheroid
more VEGF than static counterparts. These levels of secretion were higher than those we
reported previously in our lab but confirmed that the spheroids in flow secreted significantly

higher levels of VEGF than static counterparts (Collins et al., 2021).

3.3.4 Evaluation of spheroid growth patterns

Spheroids from 3 cell lines were seeded at 5 densities and growth was monitored for a total of
21 days. A logistic growth curve (nonlinear regression) was generated as shown in Figure 3.7.
9.0 x 10* cells/well was chosen as the seeding density for future experiments because MCF7 and
MDA-MB-231 spheroids were growing between days 4-7 as evidenced by the upwards line

slopes in the charts for those cell types (in green).
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Static Flow
72 hours 72 hours

Figure 3.3 Static and flow spheroids stained with FDA

MCF7 spheroids were generated from 9.0 x 10* cells seeded in a ULA plate and formed for 96h. Spheroids were then either kept on the ULA plate (static; (A)) or transferred to a flow
cell 2 chip (flow; (B)) and kept in Matrigel in these conditions for 72h. At the end of experiments, spheroids were stained with FDA and microscope images were taken at 50x
magnification. Scale bar = 200 pm.
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Flow Flow
W/o Matrigel W/ Matrigel

Figure 3.4: FDA stained spheroids in flow

MCF7 spheroids were generated from 9.0 x 10* cells seeded in a ULA plate and formed for 96h. Spheroids were then transferred to a flow cell 2 chip with Matrigel (B) or without (A)
for 72h. At the end of experiments, spheroids were stained with FDA and microscope images were taken at 50x magnification. Scale bar = 200 pum.
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Figure 3.5: FDA fluorescence intensity relative to static

MCF7 spheroids were generated from 9.0 x 104 cells seeded in a ULA plate and formed for 96h. Spheroids
were then either kept on the ULA plate (static) or transferred to a flow cell 2 chip (flow) and kept in
Matrigel in these conditions for 72h. At the end of experiments, spheroids were stained with FDA and
microscope images were taken at 50x magnification. Fluorescence quantification was performed as
described in 2.2.5 and relative fluorescence was determined for flow compared to static. Statistical
significance was determined using student’s paired t-tests; ns = not significant.
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Figure 3.6: VEGF secretion of U-87 MG spheroids in flow cell 2 system

U-87 MG spheroids were generated by seeding 9.0 x 10* cells per well in a ULA plate. Spheroids were
allowed to form for 96h undisturbed at which point they were either transferred to the flow cell 2 device
by incorporation into the spheroid chamber (flow), or they were left in a ULA plate well (static). Spheroids
were kept in static or flow conditions for 24h and effluent media was collected from each at the end of
experiments. Effluent media samples were used for a VEGF ELISA, performed as described in section 2.9.
Chart represents n = 1 experiment. Statistical testing was not conducted due to low sample size.
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Figure 3.7: Spheroid growth patterns off-chip

MCF7 spheroids (A), MDA-MB-231 spheroids (B), and U-87 MG spheroids (C) were seeded at 5 different densities and grown for 2 weeks (14 days). A nonlinear regression curve was

applied. Colours correspond to seeding densities (legend on right side of panel C).
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3.3.5 Optimisation of RNA extraction for spheroids on-chip

A series of experiments were conducted to establish RNA yields from various sizes and numbers
of spheroids. This was done using spheroids seeded at densities used previously in the flow cell
1 chip to reflect the yields that could be produced from the flow cell 1 experimental setup. At
the time of sample collection, spheroids were used for extraction either as a singular spheroid
(x 1), in pairs (x 2), or in groups of 3 (x 3). Spheroids were also seeded at 3 different densities.

The results are outlined in Table 3.7.

It was envisaged that RNA would be used for qPCR analysis. Therefore, it would need to first be
synthesised into cDNA. To do so, 1 ug of starting RNA material was needed in a volume of no
more than 11 pL. At this threshold, a yield of 90-91 ng/uL was required. This was determined by
dividing 1000 ng (equal to 1 ug) by the yield in ng/uL, resulting in the volume of extracted RNA
which is equal to 1ug. Whilst it is possible to synthesise cDNA from smaller quantities of starting
RNA, we sought to use this amount for all experiments to maintain consistency. As evidenced
by the values in Table 3.7 where the maximum yield achieved was 73.4 ng/uL, the sizes and
guantity of spheroids possible for use in the flow cell 1 system were not sufficient for producing

enough RNA starting material.

Table 3.7: RNA yields from flow cell 1 sized spheroids

Seeding density No. of spheroids Azs0/Azs0 RNA yield (ng/pL)
1 2.06 10.3
5.0 x 103 cells 2 2.09 35.9
3 2.09 38.4
1 2.16 24.4
1.0x 10%cells 2 2.07 36
3 2.1 46.3
1 2.09 43.1
2.5x 10%cells 2 2.08 71
3 2.05 73.4

Following the advancement from flow cell 1 to flow cell 2, and therefore the use of larger
spheroid sizes (9.0 x 10* cells/well at seeding) in the larger microwell, further optimisation
experiments were conducted to assess the number of spheroids needed to achieve a minimum
yield of 90 ng/uL. In these experiments, spheroids were incorporated into the flow cell 2 system

and perfused for 24h before collection and RNA extraction. Table 3.8 summarises the results of
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those experiments and outlines the changes to the extraction procedure that were incorporated

during the optimisation process. Values in red indicate that the yield was not sufficient.

Table 3.8: RNA yields from spheroids in flow cell 2 system and protocol amendments

No. of spheroids Timepoint (h) Aze0/Azs0 RNA yield (ng/uL)
1 24 2.1 21.9
1 72 1.89 5.1
1 72 1.98 8.6
Protocol amended: samples collected, lysed, and RNA extracted fresh
1 24 2.08 42.3
1 24 2.08 57.5
Protocol amended: final elution volume decreased from 40 ul to 30 ulL
1 24 2.06 75
Protocol amended: Corning cell recovery solution used for harvest from Matrigel and harvests done in
groups of 3 spheroids
3 24 2.09 135.9
3 72 2.08 185.7

A test for determining protein extraction yields was also conducted. Similar to the procedure for

RNA outlined previously, spheroids were harvested either as a singular spheroid (x 1), in pairs (x

2), orin groups of 3 (x 3). For the purposes of Western blotting, 30 ug of prepared protein would

be loaded per well. Ideal loading volumes for a 10-well gel would be no more than 30 uL meaning

that protein yields would ideally be greater than 1 mg/mL at a minimum. As shown in Table 3.9

the yields produced by spheroids in the flow cell 2 system were all greater than 1 mg/mL.

Table 3.9: Protein yields from spheroids in flow cell 2 system (average of n = 3)

No. of spheroids

Protein yield (mg/mL)

1 4.39
2 5.41
3 6.93

3.3.6 Evaluation of gene expression changes in different incubator environments

The chip setup required that microfluidic devices be housed in an external egg incubator (which

we referred to as the flow incubator) during experiments to permit use of a syringe pump. This
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meant that static spheroid plates were housed in a standard cell culture incubator whereas flow
spheroids on-chip were housed in the egg incubator. A goal of the project for subsequent
chapters was to evaluate changes in gene expression, so a qPCR test was used during the
optimisation process to determine whether different incubators would introduce variability
between the conditions that could affect results. The key variables between incubator
environments were the lack of CO, and temperature regulation in the egg incubator used for
flow compared to the tightly regulated cell culture incubator used for static plates. A preliminary
gPCR analysis was performed using static samples collected from 2 conditions: static spheroids
keptin the regular cell culture incubator and static spheroids kept in the external flow incubator.
The goal was to evaluate changes in gene expression and as part of optimising the conditions
for this VEGFA was chosen as the transcript as it had been previously used for static vs. flow
experiments in our lab. VEGF protein secretion was also shown to be increased in flow in the
flow cell 1 system (Collins et al., 2021). The results of these experiments conducted using the
flow cell 2 system are shown in Figure 3.8. Flow spheroid transcripts of VEGFA were significantly
less than static counterparts regardless of the incubator used for housing static plates. In the
experimental setup representing the standard protocol for static vs flow, shown in fig. 3.12(B)
flow spheroids were the most significantly different to static in their VEGFA transcript levels (**p
=0.0028) and transcripts were downregulated by an average of 0.87 fold change (FC). The effect
was less pronounced in the comparison to static spheroids in the flow incubator but still

observed.
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Figure 3.8: Comparison of VEGFA transcript levels of spheroids in different incubators

MCF7 spheroids were formed from 9.0 x 10* cells seeded in a ULA plate and allowed to form for 96h. Spheroids were kept in a ULA plate, with Matrigel added to reflect standard
static v. flow experiments. One plate was placed in the external “flow” incubator and the other kept in the standard cell culture incubator. The flow cell 2 chip was set up in the
standard manner described previously Spheroids were kept in these conditions for 72h. Total RNA was extracted and used for qPCR analysis, with B2M as the housekeeping gene.
Data represent the mean of n=3 experiments. Error bars represent mean = SEM. Statistical significance was determined by paired student’s t-tests; *p <0.05; **p<0.01.
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3.4 Discussion

Fluid flow is increasingly recognised as a prominent feature of solid tumours but is still poorly
understood. We sought to fill this area of unmet need by using a microfluidic device to produce
interstitial-like flow in a controlled manner, allowing for study of its effects on cancer cell
spheroids in the system. Using a previously designed chip from our lab, the flow cell 1 device,
we advanced the design to cater to the experimental needs we envisaged for the overarching

aims of this project. The aims of this chapter were to:

1. Identify areas of improvement in the flow cell 1 chip design.

2. Develop a new chip design, the flow cell 2, incorporating the improvements identified
in the flow cell 1 design.

3. Establish viability of spheroids in the flow cell 2 system.

4. Optimise the protocols for extracting cellular components, such as RNA, from static and

flow spheroid lysate samples.

The following discussion outlines how these aims were achieved and the implications of the

results produced.

3.4.1 Evolution from the flow cell 1 to flow cell 2 system

The flow velocities in the flow cell 1 system, particularly in the tubing, were faster than those
reported for interstitial flow in the literature. The velocity in the flow cell 1 system was much
higher than values reported in the literature at 152.8 um secin the tubing. This meant that
fluid was entering the chip at a velocity higher than expected for IFF. The flow velocity in the
tubing was reduced to 24.8 um secin the flow cell 2 system by increasing the diameter of tubing
used connecting the syringe to chip, resulting in a velocity closer to ranges reported in the
literature. One study reported IFF velocity as low as 0.1 um s in mice while another study
reported velocities as high as 55 um s (Dafni et al., 2002; Munson & Shieh, 2014). The velocity
in the channel component was calculated to be approximately 55 um s in both of the flow cell
systems. However, this did not take into account the velocity of the fluid entering the channel,
which was affected by the change in tubing. Computer-based modelling should be used in future

work to accurately describe the velocities in the flow cell 2 system.

The residence times were overall increased in the flow cell 2 system compared to the flow cell
1 system as a result of design changes. To the best of our knowledge, there are no defined values
for the speed of replenishment of interstitial fluid in vivo in normal tissue nor tumour stroma.

Thus, a framework for modelling the replenishment of media in the system could not be
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followed. Instead, the focus of the work using the flow cell 2 system focused on replicating
interstitial flow and investigating how continuous replenishment of media would affect the
biology of a spheroid. Tumours do not typically experience high velocities and fluid shear
stresses, though research suggests they are subjected to other biomechanical strains and forces
caused by overcrowded tissue matrices. Indeed, cancer cells are not usually subjected to high
fluid velocities unless they have entered blood circulation, where velocities can reach up to 105
um st (example given is at the aorta) (Thurston, 1976). Therefore, it was desirable for the flow
cell 2 system needed to maintain a low level of shear stress to investigate the effect of slower,

interstitial-like flow.

For RNA to be extracted from the flow condition, spheroids also needed to be easily retrieved
from the well and without damage. The RNA yield needed to be high enough to perform cDNA
synthesis, which required 1 ug of mRNA. Initial tests of RNA extraction using spheroids at the
sizes accommodated by the flow cell 1 chip (Table 3.7) were not in range of sufficient RNA. An
alternative approach was to increase the size of the spheroids used, but the flow cell 1 chip
spheroid well diameter was too narrow to accommodate larger spheroids. Therefore, the

diameter of the well was identified as needing to be enlarged.

Additionally, the volume of the flow cell 1 microwell was less than 10 pL, but original protocols
called for 20 pL of Matrigel to be loaded. Thus, a contradiction between capacity of the well and
volumes required was highlighted. In static wells, 100 uL of Matrigel was added for experiments,
further highlighting a major difference between the static and flow conditions. Therefore,
enlargement of the spheroid microwell would also serve as a closer comparison to the static

condition in regards to environment volume.

A larger well also creates opportunities for future work to involve the use of more than one
spheroid in the well at the same time. Due to the variations in flow dynamics that this would
cause, we chose to not examine this in the current study as we wanted to examine the isolated
effect of interstitial-like flow on cell biology. However, we acknowledge that the design of this

chip could be used for alternative experimental designs in the future.

3.4.2 Incorporation of large spheroids into the enlarged flow cell 2 microwell

The experimental design envisaged for understanding how interstitial flow was affecting cell
biology was based on the comparisons between static and flow spheroids. Therefore, static
spheroids needed to be used in parallel to the flow cell 2 experiments. Whilst growth was
measured up to 21 days, static spheroids receiving replenishment of media every 2-3 days were

disintegrating as early as 12-14 days. Spheroids in this state would not be able to be collected
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for the downstream analyses comparing static and flow. Therefore, in combination with the
results established previously in our lab, the growth curve confirmed that 72h (equal to day 7 of
the growth curve) was a reliable timepoint for both static and flow spheroids and that a seeding

density of 9.0 x 10* cells/well was suitable for maintaining logarithmic growth during that period.

One reason for the importance of the larger spheroid size capacity in the flow cell 2 device was
to fully capitalise on the low throughput, precise monitoring system we envisaged. That is, rather
than having a focus on a large quantity of smaller sized spheroids for a high throughput approach,
we aimed to closely monitor the effects of flow on a physiologically relevant tumouroid without
the concern of size constraints in the well. Tumours in vivo vary greatly in size and composition
and a variety of sizes of spheroids have been used in the literature for TME investigations (Elkin
et al., 2005). For example, one group looking at flow and pressure used 50,000 cells/tumouroid
to create compressed cell masses infused with collagen to be used on-chip (Azimi et al., 2020).
Another study aimed at drug screening used seeding densities in the range of 10,000 — 30,000
cells/well (Monteiro et al., 2020). Others, generally in the case of 96-well, high throughput chip

designs, can use seeding densities even lower.

It is also reported that tumours in vivo cannot grow beyond 1-2 mm in diameter unless they are
vascularized. This is due to the maximum distance that oxygen and nutrients can diffuse without
an “active” blood supply (Kimlin et al., 2013). Furthermore, large spheroids ( > 500 um) have an
external proliferating zone, an internal quiescent zone (due to limited distribution of oxygen,
nutrients, and metabolites), and a necrotic core. This better resembles the cellular
heterogeneity of tumours in vivo (Daunys et al., 2021). Using spheroids of a larger size was
therefore an advantage for better replication of an early stage tumour, prior to angiogenesis
and subsequent invasion. The spheroid sizes for all 3 cell lines used in our experiments were
established to be between 1000 and 2000 um between days 4 and 7 in the off-chip growth curve
experiment (see Figure 3.7). This indicated that spheroids used in our experiments would be

appropriately sized to recapitulate the distinct zones of spheroids (Barisam et al., 2018).

A potential future direction for the use of the flow cell 2 system could be investigations into drug
delivery and effects of therapeutic agents on spheroids experiencing IFF. In such a scenario,
realistically modelling drug penetration would be lucrative (Minchinton & Tannock, 2006). 2D
models are frequently recognised as failing to accurately predict the success of drugs in vivo in
large part due to the lack of 3D structures and layers present in 2D (Carter et al., 1989; Chambers
etal., 2014). Therefore, the use of 3D spheroids at sizes with distinct zones in an IFF environment

could provide clearer indications of whether drugs would successfully penetrate the TME in vivo.
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3.4.3 Viability of spheroids in the flow cell 2 system

The previous sections established that the flow cell 2 system could accommodate larger
spheroids and the volumes required for appropriate Matrigel loading. However, we needed to
confirm that spheroids of this size and at these timepoints were comprised of viable cells. It is
expected that in most spheroids there will be a heterogeneous population of cancer cells,
including some that are necrotic depending on the size of the spheroid (Mehta et al., 2012).
Indeed, a necrotic core is also common in many tumours (Liu & Jiao, 2019). However, to ensure
that spheroids were not dead and did contain viable cells, we used FDA staining to visualise
viable cells in static and flow spheroids, seeded at the size selected from the growth curve and
at the maximum timepoint of 72h to be used in subsequent experiments. The staining confirmed
that viable cells were present in the spheroids in both conditions. Fluorescence was quantified
to determine the relative levels of fluorescence intensity. Flow spheroids did not have
significantly increased fluorescent intensity compared to static counterparts. In the context of
viability though it is biologically relevant that spheroids in flow were not less viable than static
as this would suggest that the flow condition diminished viability of cells. Instead, we saw an

overall trend of greater FDA fluorescence intensity in flow which correlates to better viability.

A major limitation of this procedure was that a dye for dead cells could not be used as it
produced too much background signal. Additionally, using 2D imaging on a 3D mass such as a
spheroid inevitably neglects to visualise the entire spheroid. Unfortunately, confocal microscopy
was not an option for these experiments due to cost limitations, but we have identified this as

an area for future work. Confocal imaging would allow all layers of the spheroids to be visualised.

It was also noted that the appearance of spheroids in flow differed from the appearance of
spheroids in static wells. Figure 3.3 shows an example of FDA stained spheroids kept in static
and flow conditions for 72h. In panel A, a static spheroid is depicted with a smooth surface and
uniform appearance along the perimeter edges. In contrast, panel B shows a spheroid that has
been in flow for 72h and has a different surface and edges to that of the static spheroid. The
flow spheroid has texture on the surface and the upper edge has protrusions lining the
perimeter whereas the static spheroid has a smooth surface and no visible protrusions. This was
also demonstrated in Figure 3.4 (B) where the textured surface of a spheroid in flow appears to
have small nodules or protrusions forming. Whilst these were only observations, they laid an
exciting groundwork for investigation of changes between the conditions at transcript level in

the following chapters.

The results of the preliminary test of VEGF secretion by U-87 MG spheroids in flow aligned with

previous findings in our lab, establishing that U-87 MG spheroids in flow secrete higher levels of
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VEGF (Collins, et al.). However, we wanted to confirm that the use of the external egg incubator
for flow experiments was not responsible for changes seen between the static and flow
conditions. The external incubator used for flow experiments, referred to as the “flow
incubator”, was temperature regulated but not humidified like the standard cell culture
incubator where static plates were housed. This raised concern in terms of keeping variation
between conditions limited to the differences in fluid flow, i.e. static and flow. If the difference
in incubator environments was introducing another variable that could be responsible for any
changes detected between the conditions in future work, this would need to be addressed. As
a test, a static plate of spheroids was kept in the flow incubator for 72h while flow cell 2 chips
were also housed there with the continuous perfusion setup, and another static plate was kept
in the standard cell culture incubator in parallel. Total RNA was extracted from all 3 conditions
and gPCR was used to analyse VEGFA transcript levels. As seen in Figure 3.8, there was significant
downregulation of VEGFA transcripts in the static spheroids kept in the flow incubator compared
to those kept in the regular cell culture incubator. However, when transcript levels from static
spheroids in the flow incubator were compared to transcripts from flow spheroids (in the same
flow incubator during the same experiment), there was still significant downregulation of VEGFA
in flow compared to static. This suggested that regardless of the incubator environment used,
flow spheroids saw decreased VEGFA transcript levels compared to static counterparts. Whilst
these findings did not align with the high levels of VEGF secreted by U-87 MG spheroids in flow
this could have been due to the use of a different cell line (MCF7) for the transcript experiments.
Nonetheless, these results laid more groundwork for establishing differences in cell biology

between static and flow spheroids, which will be explored in more detail in the next chapter.

3.4.4 RNA and protein can be efficiently extracted from spheroids on-chip

It was envisaged that differences between static and flow spheroids would be evaluated in
future work by examining transcriptomic changes. In order to do so, total RNA would need to be
extracted from spheroids in both conditions and in quantities sufficient for synthesis of cDNA.
Initial experiments using the flow cell 1 device showed even by grouping 3 spheroids together
and extracting RNA from the combined sample, yields were low. This contributed to the
increased chamber size incorporated into the design of the flow cell 2 device, permitting the use
of larger sized spheroids. However, the preliminary experiments using the flow cell 2 device also
demonstrated low yields. Through a series of protocol modifications, a method was established
to consistently extract RNA from spheroids on-chip to attain yields appropriate for downstream

analyses.

Similarly, protein yields were determined for spheroids extracted from the flow cell 2 system. In

this case protocol modifications were not required as the yields attained from preliminary
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experiments demonstrated that sufficient quantities of protein could be extracted and prepared

for further analysis.

3.4.5 Different incubator environments did not significantly impact measured results

An overarching goal of the refinement process from the flow cell 1 system to the flow cell 2
system was to reduce as much variation as possible between the static and flow conditions so
that (theoretically) fluid flow would be the only independent variable introduced between
spheroids. The flow vs static experimental setup prescribed keeping spheroids in the flow cell 2
system in an external incubator and this contrasted with the use of a temperature regulated,
humidified cell culture incubator used to house static spheroid plates. Therefore, we
investigated whether being in a different incubator environment would significantly impact an
experimental outcomes that we aimed to measure in future work. We planned to do analysis of
transcript level changes between static and flow spheroids, so qPCR was chosen as a test. VEGFA
was chosen as the gene transcript to measure as this had been established in the use of flow
protocols in our lab previously. VEGFA transcripts were downregulated in flow compared to
either static condition (Figure 3.5) but the effect was most significant when static spheroids were
kept in the regular cell culture incubator. This demonstrated that changes in transcript levels for
flow spheroids compared to static in either incubator were comparable and therefore should

not impact experimental outcomes in a significant manner.

3.4.6 Chapter conclusion

In summary, the work in this chapter advanced the flow cell 1 chip to the flow cell 2 chip design.
The new chip design made the device fit for purpose by accommodating the size of spheroids
needed and the volumes of Matrigel needed to conduct reliable analyses. We confirmed that
spheroids in the flow cell 2 system were viable and that sample types such as RNA and could be
extracted for further experiments. The optimisation of this system laid the foundation for the
work conducted in the following chapters where the interstitial-like flow created in the flow cell

2 system could be used for investigations into cell biology changes.
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Chapter 4 Investigating the effects of interstitial flow on cancer cell
biology in the TME
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4.1 Introduction

The previous chapter established a spheroid-on-chip system, known as the flow cell 2 system,
which could house viable spheroids for up to 72h, and which could be harvested for use in
downstream analyses. The system produces interstitial-like flow, combined with the use of 3D
spheroids embedded in Matrigel, to recapitulate the basis of a tumour microenvironment
experiencing interstitial flow. This chapter seeks to use that system to establish an
understanding of how interstitial flow may affect cell biology in this environment, as it is an

under-researched area.

4.1.1 Interstitial fluid in the TME

Interstitial fluid exists in the interstitial space between tissues, in both normal and tumour
tissues. ISF delivers nutrients, removes metabolic wastes, and provides mechanical cues to cells
and the ECM. In tumours, tissue structure and the ECM are adversely altered by overcrowded
and unorganised blood vessels, which in turn affects the environmental fluid dynamics as well.
These changes in tumour stroma have been recognised as clinically important for cancer patient
outcomes due to their association with resistance to treatment (Munson & Shieh, 2014).
However, despite the significance of biophysical forces in the TME, interstitial fluid flow remains

poorly understood in this contest.

4.1.2 Gene expression changes caused by interstitial flow

Studies have started to examine the effects of interstitial fluid flow due to the growing interest
in ISF and appreciation for the role it plays in cancer outcomes. For example, Jung Lee and
colleagues established YAP1 as a fluid mechanosensor sensitive to changes in fluid shear stresses,
and ultimately driving cancer cell migration (Lee et al., 2017). Ground-breaking work by Sheih,
Swartz, and Munson has asserted that interstitial flow increases invasion of cancer cells (Shieh
et al., 2011; Munson et al., 2013). They have established these outcomes in multiple cancer
types but, importantly, none of the studies used 3D aggregates of cancer cells as part of the

experimental design (Shah et al., 2015; Kingsmore et al., 2016).

Much more work has been done in the area of endothelial cells and effects of fluid shear stresses,
such as those seen in vascular networks, on gene expression changes. Helle and colleagues
examined transcriptomic remodelling of endothelial cells induced by flow replicating blood flow-
induced shear stress (Helle et al.,, 2020). Another study using renal epithelial cells also
established transcriptomic changes caused by variations in fluid shear stress that lead to

upregulation of TGF-B, MAPK, and Wnt signalling pathways (Kunnen et al., 2018). Yang & Xu also
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used low shear stresses to analyse gene expression profiles of endothelial cells and found
significant differences in their transcriptomes as a result of flow (Yang & Xu, 2021). Whilst these
studies did not use cancer cells or indeed even a tumour-like microenvironment, they point to
the significant influence that fluid flow is capable of asserting on the gene expression profile of

cells.

4.1.3 Hypoxia in the TME

Hypoxia is another physiology that is well established as playing a role in the TME and cancer
progression. Breast cancer is reported to generate some of the most hypoxic tumours of all
cancer types (Favaro et al., 2011). Irregular and leaky vasculature in tumours leads to poor blood
perfusion of the area and as a result, hypoxic regions are commonly observed. Oxygen levels
drop below 2% and can even go anoxic in some cases (<0.02% 0,). Somewhat counterintuitively,
this lack of oxygen in a primary tumour is often associated with more aggressive tumour types,
increased metastasis, and worse overall survival rates (Semenza, 2003; Vaupel et al., 2004). To
the best of our knowledge, few studies have examined the specific interaction of hypoxia and
interstitial flow in the TME, even though both are prevalent physiologies of tumours (Rofstad et

al., 2014).

4.1.4 Chapter specific hypothesis, aims, and objectives

Our spheroid-on-chip model with tight control of interstitial flow rate was well poised to
investigate how fluid flow similar to that of ISF in the TME may play a role tumour progression,
ultimately leading to metastasis. We hypothesized that based on the literature, where various
flow rates were shown to increase expression of EMT markers in cancer cells and dramatically
induce genotypic changes in endothelial cells, that breast cancer spheroids in our flow cell 2 chip
would follow a similar pattern. The aim of this chapter was to evaluate the effects of interstitial
flow on cancer cell biology in the TME. To accomplish that, the following objectives were

outlined:

1. Examine how markers of EMT in cancer spheroids are impacted by interstitial flow.

2. Evaluate transcriptomic changes in cancer spheroids caused by interstitial flow.

3. Evaluate whether interstitial flow influenced protein expression profiles of cancer
spheroids in interstitial flow.

4. Toinvestigate the relationship between interstitial flow and hypoxia and how they affect

cancer spheroid biology in the TME.
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4.2 Experimental design

4.2.1 Investigation of changes in EMT markers

Previous studies identified upregulation of EMT markers in cancer cells exposed to fluid flow.
Therefore, a panel of genes known to be associated with EMT were used for gPCR analysis (as
described in chapter 2 section 2.5.3). MCF7 spheroids were formed as previously described
(2.2.1) and exposed to static or flow for either 24h or 72h to investigate the impact of increased

duration in a given condition.

Additionally, to query whether differences between static and flow biology relating to EMT
might be present in protein expression rather than at transcript level, Western blotting was used
to detect expression of E-cadherin in MCF7 spheroids. Spheroids were kept in static or flow
conditions as described previously for 24h and 72h. Protein was extracted and analysed as

described in section 2.8.1.

4.2.2 Whole transcriptome analysis of static and flow spheroids

The gene expression changes of EMT markers conducted by qPCR analysis were unexpected in
the flow cell 2 system and did not provide a clear understanding of how interstitial flow was
affecting cell biology. Therefore, an unbiased approach allowing broader evaluation of
expression patterns was needed. RNA-seq was used as described in section 2.6 to evaluate the
whole transcriptome of MCF7 spheroids. Spheroids were formed as described previously (2.2.1)
and kept in static or flow for 24h before total RNA was extracted. A total of 3 independent
experiments were conducted in this manner, yielding 3 static samples and 3 flow samples to be
sequenced. The 24h timepoint was chosen to represent early stage changes that may be
occurring at transcript level in the MCF7 cells. The resulting RNA-seq dataset was analysed using
a series of tools, outlined in section 2.7, to identify patterns of expression change at transcript

level between the static and flow conditions.

4.2.3 Validation of DEGs and enrichment patterns

The differential expression of genes and associated enriched pathways identified by RNA-seq
were evaluated using qPCR analysis, to validate whether they were reproduced in other 24h
samples, and to see if they occurred at 72h. The genes selected are described in the following

results sections.

4.2.4 Evaluation of changes in protein expression
To investigate whether interstitial flow was also impacting protein expression in cells, Western

blotting was used for a selection of proteins. Additionally, to validate the observation of gene
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expression change impacts on protein expression, multiple cell lines of different origins were
used for some of the proteins evaluated. MDA-MB-231 cells and HEK293T cells represent two
distinctly different biologies. MDA-MB-231 cells are a triple negative breast cancer associated
with poor patient survival outcomes (Haque et al., 2012). In contrast, HEK293T cells are a non-
cancerous, human-derived embryonic kidney cell line. Spheroids were generated from both cell
lines as described in section 2.2.1 at 9.0 x 10* cells per well and introduced to static or flow
conditions as in the experiments using MCF7 spheroids. Protein and effluent media could then

be collected and used for analyses.

In addition to Western blotting, ELISA was used to measure the concentration of an analyte in
the conditioned media of static and flow spheroids. VEGF ELISA was used as VEGF has been
implicated in tumour progression previously and was also upregulated in our lab’s previous
experiments using the flow cell 1 device (an older iteration of the current chip) (Collins et al.,

2021).

4.2.5 Experiments in hypoxia

Experiments comparing static and flow spheroids were conducted in a hypoxia chamber at 1%
O.. The setup and interfacing were the same as described in section 2.3.6 except for a few key
adjustments. A smaller syringe pump (Harvard Apparatus, Pump 11 Elite) was used to fit
comfortably in the working area of the hypoxia chamber. This pump only accommodated the
use of 2 syringes, so 2 microfluidic devices were used instead of 3. Media, tubing, and syringes
used in the hypoxia experiments were also passed into the chamber 24h in advance of the
experiment start to allow equilibration of materials to the oxygen tension inside the chamber.
The glass material of the chips was less permeable to oxygen than the plastic tubing and syringes
however, since media was equilibrated in the hypoxic environment for 24h in advance this
ensured that hypoxic media was introduced into the flow system (Scott et al., 1971). When
experiments were complete, the static ULA plate and flow cell 2 chips were passed out of the
chamber and immediately put on ice. Total RNA was then extracted following the same protocol

as described in section 2.5.1.

4.3 Results

4.3.1 Evaluation of EMT-associated markers in flow
As noted earlier in this chapter, previous studies have indicated that biomechanical fluid shear

stresses in in vitro models induce expression changes associated with early metastasis,
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specifically, the epithelial to mesenchymal transition. Therefore, a set of EMT-associated genes
were evaluated in samples kept in the flow cell 2 chip compared to static controls. Lysyl oxidase
(LOX), prostaglandin-endoperoxide synthase 2 (PTGS2), zinc finger protein 1 known as SNA1L,
and vimentin (VIM) are canonical EMT genes. Increased expression of all four has been
implicated in cancer metastasis (Asting et al., 2011; Wang et al., 2013; Kidd et al., 2014; Wang
et al., 2016). In order to see whether IF in our flow cell 2 system reproduced the upregulation of
EMT genes seen in other studies, we evaluated transcript levels of these genes at 24h and 72h
in MCF7 breast cancer spheroids exposed to static and flow conditions using our microfluidic

device characterised in Chapter 3. The initial results are presented in Figure 4.1.

At 24h, LOX was significantly upregulated in flow by a fold change (FC) of 1 relative to the static
counterpart. However, PTGS2 and SNA1L showed no significant change at 24h, though PTGS2
did demonstrate an upregulation of 0.5 FC. In contract, VIM was significantly downregulated
after just 24h by a factor of 0.2. After 72 hours in flow none of the trends present at 24h
remained. LOX was no longer upregulated, and the average level was almost the same as static,
at 1. PTGS2 saw a small (< 0.2 FC) decrease in expression in flow compared to static after 72h
but this was not significant. SNAIL and VIM also did not yield significantly different levels of
expression compared to static at 72h. However, VIM was upregulated by 0.25-fold at 72h,

whereas it was downregulated (significantly) at 24h.
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Figure 4.1: Effect of interstitial-like flow on EMT-associated marker transcripts

MCF7 spheroids generated from 9.0 x 10%cells were kept in either static or flow conditions (as described
in section 2.3.6) for 24h (A, C, E, G) or 72h (B, D, F, H). Total RNA was extracted at the end of experiments
and used for gPCR analysis. The housekeeping gene used was B2M. Histograms represent the mean of
n=4 experiments for 24h and n=3 for 72h. Dots represent one independent experiment. Error bars
represent mean * SEM. Statistical significance was determined by paired student’s t-tests; *p < 0.05, ns =
not significant.
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Atumour suppressor was selected as the next EMT marker to investigate. E-cadherin is a protein
encoded by the CDH1 gene. It has been established as a tumour suppressor in previous studies,
notably for its role in cell-cell adhesion (Kim et al., 2016b). Transcript levels of CDH1 were
evaluated using gqPCR analysis (Figure 4.2 A and B). There were not significant differences in
relative expression of CDH1 between static and flow spheroids after 24h or 72h, but a small (<

0.25 FC) decrease was evident at both timepoints.

Next, protein expression was analysed by Western blotting to evaluate whether flow induced a
change in E-cadherin expression after 24 hours and 72 hours. E-cadherin was chosen as a target
representative of EMT. Western blotting did not identify a clear pattern of expression in flow
spheroids at either timepoint. Quantification of bands was conducted to analyse differences
between static and flow expression of E-cadherin but yielded no statistically significant
differences between the two conditions at either timepoint. At 24h there was also a large range
of values between the 4 replicates tested and therefore a SEM equal to 0.97. This demonstrated
variation between the 24h replicates. The results at 72h were more closely clustered (SEM =
0.18) but still did not show a clear pattern of up or downregulated expression of E-cadherin in

MCF7 spheroids in flow.

Finally, two matrix metalloproteinases (MMPs) were investigated in static and flow spheroids.
MMPs aid cancer cell invasion into the extracellular matrix, a crucial step of metastasis
(Westermarck & Kahari, 1999). qPCR was used to evaluate whether transcript levels of two
MMPs, MMP1 and MMP14, were changed by exposure to interstitial flow (Figure 4.3). Transcript
levels of MMP1 showed no significant change after 24h, but after 72h were significantly
decreased in flow by a factor 0.8 FC. MMP14 was not significantly changed at either timepoint,
with levels remaining similar between static and flow. It was notable though that the spread of
experimental replicates for MMP14 at 24h were clustered with 2 replicates upregulated by
~0.25 fold and the other 2 downregulated by ~0.25 fold, showing inconsistency between
experimental outcomes for this transcript. Further work will need to be conducted to repeat and

determine a clear pattern of expression.
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Figure 4.2: Effect of interstitial flow on CDH1 transcripts and expression of E-cadherin protein

Spheroids were generated from MCF7 cell suspensions of 9.0 x 10* cells per well as described in section
2.2.1. After formation, they were kept in static or flow conditions for 24h and. Total RNA was extracted at
the end of experiments and used for gPCR analysis (A, B). The housekeeping gene used was B2M.
Histograms represent the mean of n=3 experiments. Error bars represent mean +/- SEM. Statistical
significance was determined by paired student’s t-tests; ns = not significant. Spheroids were lysed and cell
lysates were used for Western blotting to analyse protein expression levels of E-cadherin, with -actin as
a loading control (C). Densitometry was used to quantify bands (D, E). Blots are representative of n = 4
experiments.
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Figure 4.3: Effect of interstitial flow on MMP transcript levels

MCF7 spheroids were formed from 9.0 x 10* cells and kept in either static or flow conditions for 24h (A
and C) or 72h (B and D). Total RNA was extracted at the end of experiments and used for qPCR. The
housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error bars represent
mean +/- SEM. Statistical significance was determined by paired student’s t-tests; **p < 0.01, ns = not

significant.
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4.3.2 Investigation of transcriptomic changes induced by interstitial flow

The results in the previous section were inconclusive as to whether flow was inducing changes
in spheroids consistent with early tumour progression and EMT. Both transcript level and
protein level analyses did not provide clarity on the effects of flow, so an unbiased approach
providing a larger scale picture of changes was needed. RNA-sequencing analyses the entire
transcriptome and provides valuable information on differential expression of all genes. Total
MRNA samples from MCF7 spheroids in static and flow conditions for 24h were therefore

analysed by RNA-seq. Due to cost limitations only one timepoint could be analysed.

The comparison between the transcriptomes of static and flow MCF7 spheroids showed
differences in overall expression patterns evident between the two conditions. Figure 4.4
depicts the overall spread of significantly differentially expressed genes present in flow
compared to static, represented by the green (downregulated) and red (upregulated) dots.
Figure 4.5 summarises the unique expression of genes within each group and the overlap of
genes expressed in common. Furthermore, mapping of the differential expression patternsin a
heat map (see Figure 4.6) showed that static and flow spheroids expressed unique

transcriptomes when mapped with hierarchical clustering.
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Figure 4.4: Upregulated and downregulated differential expression of genes in flow spheroids
compared to static spheroids

MCF7 spheroids were formed by seeding 9.0 x 10* cells per well in a ULA plate. After 96h of formation,
they were kept in either static or flow conditions for 24h and total RNA was extracted at the end of
experiments. Data represent n = 3 independent experiments. Here, mRNA extracts were analysed by RNA-
seq to evaluate differential expression of > 30,000 genes between static and flow. In the figure above,
each dot correlates to a gene analysed; red represents genes upregulated in flow compared to static;
green represents genes downregulated in flow compared to static; blue represents genes not significantly
differentially expressed between the two conditions. Significance of the expression change is mapped on
the y-axis by the adjusted p-value and the level of fold change is mapped on the x-axis by log2FC.
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Figure 4.5: Summary of differential expression of genes in static and flow spheroids

MCF7 spheroids were formed by seeding 9.0 x 10* cells per well in a ULA plate. After 96h of formation,
they were kept in either static or flow conditions for 24h and total RNA was extracted at the end of
experiments. Data represent n = 3 independent experiments. Here, mRNA extracts were analysed by RNA-
seq to evaluate differential expression of > 30,000 genes between static and flow. In the figure above, the
unigue expression of genes in each condition is summarised numerically. The sum of the numbers in each
circle is the total number of genes expressed within a group (condition), and the overlap represents the
genes expressed in common between groups.
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Figure 4.6: Heat map representation of the differential expression of genes in static and flow
spheroid samples

MCF7 spheroids formed by seeding 9.0 x 10* cells per well in a ULA plate. Once formed, they were kept in
either static or flow conditions for 24 h. Total mRNA was extracted and collected for n = 3 samples for
each condition, which were sent for RNA sequencing analysis. Above, a heat map of differentially
expressed genes was generated using the online platform NetworkAnalyst. Each row on the heat map
represents one sample, and one columnar line represents a transcript. The 3 leftmost columns are static
samples and the 3 rightmost are flow . The whole transcriptome analysed < 30,000 genes, and the top
and bottom 600 differentially expressed are represented here. Red corresponds to upregulated
expression in flow, and blue corresponds to downregulated expression. The intensity of the colour
represents the amplitude of the regulation.



All of the transcripts and their respective fold changes and p-values were entered into IPA
software for further analysis of biological processes. A threshold was set so that only transcripts
upregulated in flow with a fold change > 2.5 and downregulated with a fold change < -2.5 were
analysed. A threshold of significance at p < 0.01 was also set. This allowed for analyses to be
conducted on the most significantly differentially expressed transcripts. However, because all
transcript data was entered into the software before setting a threshold, the software was still
able to infer pathway regulation changes using transcripts outside of the threshold cut-off. This
allows for more meaningful analyses to be conducted by including whole transcriptome changes
for the software to use for downstream and upstream predicted activation or inhibition of

pathways. The threshold cutoffs were used for core analyses of the data.
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Table 4.1 outlines the top ten transcripts that were the most altered by flow. The highest fold
change was present in actin like 8 (ACTL8) at 75.6 with strong significance (p < 0.001). Next, a
gene coding for an integral membrane protein, G protein-coupled receptor 183 (GPR183), was

found to be upregulated by 37.2 FC compared to static, again with strong significance.

The next most upregulated transcripts had changes in the range of 30 — 36-fold and varied in
categories from oncogene family members (RAB6C) to SSX family members (SSX1). In the
downregulated category of transcripts, keratin associated protein 2-4 (KRTAP2-1) had the most
change relative to static with 0.016 FC (or -5.93 log2 fold change). There were also a variety of
novel transcripts downregulated including a PAGE family member, ATP binding cassette
subfamily member, and others (outlined in Table 4.1). Colony stimulating factor 2 (CSF2),
encodes a cytokine that controls the production, differentiation, and function of granulocytes
and macrophages, ultimately playing a role in promoting tissue inflammation. CSF2 is notably
situated in the top ten most downregulated genes in flow with a fold change of 0.034 (or -4.85

log2 fold change).

Next, the canonical pathways modulated by the transcript changes found in the dataset were
summarised in Figure 4.7, which also depicts the number of molecules involved in a given
pathway and the number of molecules from the dataset which were up or downregulated. The
associations were compiled using a stringent statistical test (Benjamin-Hochberg) to correct for
multiple testing at a threshold of significance p < 0.01. Therefore, the seven canonical pathways
presented were strongly modulated by the transcripts in the static vs. flow dataset. Cell cycle-
associated pathways are heavily represented, including cell cycle control of chromosomal
replication, G1/S phase checkpoint regulation, and the role CHK proteins in cell cycle checkpoint

control.
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Table 4.1: Top upregulated and downregulated molecules in response to interstitial-like flow

Gene name Full name Fold Log2 Fold p-value
change  Change
(FC) (log2 FC)
Upregulated
ACTLS8 Actin like 8 75.56 6.24 6.05 x 10>
GPR183 G protein-coupled receptor 183 37.20 5.22 5x103
CIQTNF2 Clqg and TNF related 2 36.59 5.20 1.08 x 10
RAB6C RAB6C, member RAS oncogene family 32.66 5.03 2.2x103
ERVFRD-1 Endogenous retrovirus group FRD 31.52 4.98 2.8x103
member 1, envelope
C9orf66 Chromosome 9 open reading frame 66 31.41 4.97 2.6x103
FBN2 Fibrillin 2 30.89 4.95 1.1x103
SSX1 SSX family member 1 30.45 493 3.0x103
SLIT3 Slit guidance ligand 3 30.08 4.92 3.5x1073
LRRC14B Leucine rich repeat containing 14B 30.00 491 6x10*
Downregulated
KRTAP2-4 Keratin associated protein 2-4 0.016 -5.93 8.79x10°
PAGE2B PAGE family member 2B 0.018 -5.80 2.2x10%
AC011473.4 Novel transcript 0.021 -5.58 5.5x10%
AC015813.2 Novel transcript 0.024 -5.40 1.4x103
ABCA8 ATP binding cassette subfamily A 0.034 -4.89 7.5x 1073
member 8
SLCO1B7 Solute carrier organic anion transporter 0.034 -4.85 7.8x103
family member 1B7 (putative)
CSF2 Colony stimulating factor 2 0.034 -4.85 1.3x10°3
MIA MIA SH3 domain containing 0.039 -4.67 2.6x103
BARHL1 BarH like homeobox 1 0.052 -4.25 1.1x10?
BOLA2B BolA family member 2B 0.053 -4.24 1.6 x 102
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Figure 4.7: Canonical pathways modulated by IFF in flow cell 2 system after 24 hours

MCF7 spheroids were generated from cell suspensions seeded at 9.0 X 10* cells per well in a ULA plate. Once formed, spheroids were kept in static or flow conditions for 24h and
mRNA samples from n = 3 experiments were collected, prepared, and analysed by RNA-seq. Bar chart represents the statistically significant pathways present within the dataset (p
<0.01), considering only genes for which expression varied greater than 2.5 fold between flow and static samples. Bold figures are the total number of genes in the pathway. Green
bar: genes downregulated in flow; red bar: upregulated genes; white bar: no overlap in the dataset
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Table 4.2 Top molecular and cellular functions represented by the dataset

Functional Category p-value range Number of molecules from
dataset

DNA Replication, 1.92x10°-3.3x107° 76
Recombination, and Repair

Cell Morphology 7.73x10°-2.05x 10® 58
Cell Cycle 7.25x10°-2.73x 108 144
Cell Death and Survival 8.35x10°-4.7x10% 285
Cellular Development 8.72x10°-6.45x 108 278

In all of the cell cycle pathways represented, about 70% of the molecules in the dataset involved
in the pathways were upregulated (red bars). Additionally, the role of BRCA1 in DNA damage
response pathway and the oestrogen-mediated S-phase entry pathway was associated with

upregulation of molecules involved in their respective pathways as a result of flow.

The analysis also revealed specific molecular and cellular functions modulated by interstitial flow,
and these corresponded to the canonical pathways represented. Table 4.2 shows the five most
represented functions in the dataset, along with the p-value range for each (which corresponds
to the range of p-values for even more specific pathway subsets that comprise the functions
listed). Cell cycle was listed as the third most represented function which aligns with the
canonical pathway analysis. The most strongly represented molecular function was DNA
replication, recombination, and repair with 76 molecules from the dataset involved and p-values

for the associated subset of pathways being no greater than 1.92 x 10~.

Transcription factor enrichment analysis was also conducted using the online platform ENRICHR
(Neafsey et al., 1989; Chen et al., 2013; Xie et al., 2021). The top 600 differentially expressed
protein-coding genes that were upregulated in flow were entered for analysis. The input list of
upregulated genes was compared to the ChIP Enrichment Analysis (ChEA) database to compute
over-representation for targets of transcription factors. Figure 4.8 summarises the results. E2F
family transcription factors represented half of the top ten enriched terms produced by the

analysis, and 4 out of 5 of them were in human sample sets.
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ChEA 2022
E2F7 22180533 ChlIP-Seq HELA Human *4.26e-15

E2F4 17652178 ChIP-ChlP JURKAT Human *1.11e-09

E2F1 26619117 ChIP-Seq Hepatocytes Mouse Liver *2.15e-09
E2F1 21310950 ChlIP-Seq MCF-7 Human *2.38e-07

AR 21909140 ChlIP-Seq LNCAP Human *8.87e-07

E2F4 21247883 ChlP-Seq LYMPHOBLASTOID Human *2.25e-05
MYCN 21190229 ChlP-Seq SHEP-21N Human *2.12e-04

IRF8 22096565 ChIP-ChIP GC-B Human 6.01e-04

BMI1 19503595 ChlP-Seq MEFsC Mouse 1.12e-03

FOXM1 25889361 ChIP-Seq OE33 AND U20S Human 1.46e-03

0 2 4 6 8 10 12 14
—logio(p-value)

Figure 4.8: Transcription factor target over-representation analysis

MCF7 spheroids were formed from suspensions of 9.0 x 10* cells and then kept in static or flow conditions
for 24h. Total RNA was extracted and analysed by RNA-seq to compare the conditions. The top 10 enriched
transcription factor terms in the ChEA database from entering the 600 most upregulated, differentially
expressed genes from RNA-seq analysis are displayed based on the -log10(p-value), along with their
corresponding p-values listed next to them. An asterisk (*) next to a p-value indicates the term also has a
significant adjusted p-value (<0.05). The term at the top has the most significant overlap with the input
query gene set.
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4.3.3 Validation of differentially expressed genes and enrichment patterns at transcript
level

Panels of gene targets representative of significantly represented pathways and functions
identified by RNA-seq were used to validate the patterns with gPCR analysis. Samples from
MCF7 spheroids exposed to flow for 24 hours were used again as in the RNA-seq analysis, and
72h samples were also analysed to investigate whether the patterns were maintained with

increased duration of exposure to flow.

The panel of genes representative of DNA replication, which included MCM6, RRM1, and RRM2,
saw consistent upregulation of gene expression across all of the genes and at both timepoints,
as shown in Figure 4.9. RRM2 levels at 24h were the only category that was not statistically
significant, but an increase of 1.8 FC was evident in the chart and there was a large margin of
error present within the replicates which could have affected the statistical testing. All three
genes remained significantly upregulated at 72 hours, with fold changes relative to static
remaining in the range of 2-3 for all. Another three genes selected for their roles in cell cycle
regulation (Figure 4.10) were also analysed by gPCR. At both timepoints, all of the genes had
increased transcript level expression relative to static, but only one, E2F1 at 24h, was statistically
significant. ASF1B and WEE1 at 72h had large standard errors of the mean due to FC replicate
value ranges of 40 — 60. At 24h WEE1 was not upregulated and at 72 hours the high variability

between the replicates skewed the mean, so more repeats are needed to better investigate.

Next, a selection of 4 genes involved in DNA repair pathways (which also overlap with DNA
replication pathways) were tested for expression changes between static and flow (see Figure
4.11). These genes included BLM, EXO1, FEN1, and RAD51. In alignment with the findings of the
RNA-seq where DNA replication and repair pathways were enriched in flow, all 4 genes were
upregulated in flow compared to static at both timepoints. BLM was most significantly increased
after 24h with expression 2.5-fold higher than static on average. It remained significantly
upregulated after 72h, ~1 FC increase relative to static. EXO1 was similar to BLM in that it was
highly upregulated after 24h. Compared to static counterparts, flow spheroids had an average
of 6-fold increase in expression of EXO1 at 24h, and this dropped slightly at 72h to an average
of 2.3 FC but remained statistically significant. FEN1 relative expression was significantly higher
in flow at 24h but not after 72h, though a clear trend of increase was evident from the chart and
the average expression was 2-fold higher compared to static spheroids. RAD51 was the only

gene out of the 4 that did not have any significant differences at either timepoint.
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Figure 4.9: Analysis of the transcript levels of DNA replication genes

MCF7 spheroids formed from 9.0 x 10* cells were kept in either static or flow conditions for 24h (A, C, E)
or 72h (B, D, F). Total RNA was extracted at the end of experiments and used for qPCR analysis. The
housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error bars represent
mean + SEM. Statistical significance was determined by paired student’s t-tests; *p < 0.05; **p < 0.01;
***p <0.001; ns = not significant.
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Figure 4.10: Analysis of the transcript levels of cell cycle genes

MCF7 spheroids were generated by seeding 9.0 x 104 cells per well in a ULA plate. Spheroids were kept in
either static or flow conditions for 24h (A, C, E) or 72h (B, D, F). Total RNA was extracted at the end of
experiments and used for gPCR. The housekeeping gene used was B2M. Data represent the mean of n=3
experiments. Error bars represent mean + SEM. Statistical significance was determined by paired
student’s t-tests; *p < 0.05; ns = not significant.
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Figure 4.11: Analysis of the transcript levels of DNA repair genes

MCF7 spheroids were formed from suspensions of 9.0 x 10* cells and then kept in either static or flow
conditions for 24h (A, C, E, G) or 72h (B, D, F, H). Total RNA was extracted at the end of experiments and
used for qPCR. The housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error
bars represent mean * SEM. Statistical significance was determined by paired student’s t-tests; *p < 0.05;
**p < 0.01; ns = not significant.
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Lastly, 2 genes involved in DNA repair and specifically implicated in breast cancer, BRCA1 and
BRCA2, were evaluated using qPCR analysis. The results are presented below in Figure 4.12,
showing the significant upregulation of both genes in flow after both 24h and 72h. The relative

expression difference for both genes at both timepoints was < 2 FC and that was sustained for

all at 72h.
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Figure 4.12: Analysis of the transcript levels of BRCA genes

MCF7 spheroids were formed from suspensions of 9.0 x 10% cells and then kept in either static or flow
conditions for 24h (A, C) or 72h (B, D). Total RNA was extracted at the end of experiments and used for
gPCR. The housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error bars
represent mean + SEM. Statistical significance was determined by paired student’s t-tests; *p < 0.05; **p
<0.01.
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4.3.4 Investigation of the relationship between incubator environment and the effect
on biological changes in cancer cells

As an additional measure, a plate of static spheroids was placed in the external incubator used
for flow experiments, referred to as the “flow incubator”. The aim was to test whether the
effects identified by RNA-seq and validated in qPCR were simply an artefact of placing spheroids
in a different environment. The plate was kept in the flow incubator for 72h with another plate
of static spheroids kept in the regular cell culture incubator in parallel. The regular cell culture
incubator (which was used for the static condition in all other experiments) was a temperature
regulated and humidified environment. Whilst the flow incubator was set to regulate the
temperature at 37°C, it was not humidified. The results, shown below in Figure 4.13,
demonstrated that there was no significant difference in transcript levels of MCM6 between
static spheroids in either incubator. In the original static v. flow experiments using the external
flow incubator for on-chip experiments and the standard cell culture incubator for static plates,
MCM6 was significantly upregulated in flow at both 24h and 72h. While this test was only done
for one of the markers of enriched pathways identified in flow, it suggested that the difference
in incubators was not a significant contributing factor to the results produced using chips in the

flow incubator.
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Figure 4.13: MCMB6 transcript levels compared between incubator types

MCF7 spheroids were formed from 9.0 x 10% cells seeded in a ULA plate and allowed to form for 96h.
Spheroids were kept in a ULA plate, with Matrigel added to reflect standard static v. flow experiments.
One plate was placed in the external “flow” incubator and the other kept in the standard cell culture
incubator. Plates were kept in these conditions for 72h. Total RNA was extracted and used for qPCR
analysis, with B2M as the housekeeping gene. Data represent the mean of n=3 experiments. Error bars
represent mean = SEM. Statistical significance was determined by paired student’s t-tests; ns = not
significant
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4.3.5 Investigating the relationship between hypoxia and interstitial flow and the effect
on biological changes in cancer cells

4.3.5.1 Modulation of hypoxia signalling by interstitial flow
Interstitial flow is an important physiology in the TME, but it is not the only one. Hypoxia is also

prominent in many solid tumours. Therefore, the interplay between these two TME components
was investigated, first by examining hypoxia signalling in spheroids exposed to flow. IPA
software was used to infer the activity of molecules involved in hypoxia signalling from the RNA-
seq dataset described in section 4.3.2. The analysis software draws from curated databases as
well as the fold change data uploaded to extrapolate the activity patterns. In this case, the
molecules involved in the canonical hypoxia signalling pathway were matched to the differential
expression patterns in the static vs flow dataset, as shown in Figure 4.14. Orange colour in the
pathway corresponds to predicted activation, and blue corresponds to predicted inhibition.
HIFlalpha and the majority of HIF-1o. downstream targets were denoted in blue, indicating an
expected inhibition of HIF-1a signalling in the flow condition. Molecules downstream of HIF-1a.
that were predicted to be downregulated in flow included SUMO1, LDHA, NOS3, EDN1, EPO, and
SLC2A4.

The results, depicted in Figure 4.15, showed a significant downregulation in expression of CA9
in flow spheroids at 24h, by ~0.5 FC. However, after 72h there was no significant difference in
CA9 levels between the conditions. BNIP3 was also not significantly different at either timepoint.
WSB1 on the other hand saw a significant decrease in relative expression in flow at both 24h
and 72h. The factor of downregulation was 0.5 — 0.6 FC at both timepoints, demonstrating a
sustained lower expression level relative to static counterparts at both times. Finally, VEGFA
transcripts were significantly decreased in flow spheroids after 24h. The statistically significant
downregulation was not sustained at 72h, but a lower level of expression compared to static

was evident in all 3 replicates tested, with average FC expression 0.6-fold less than in static.
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Figure 4.14: Hypoxia signalling pathway with predicted activity of molecules from RNA-seq analysis
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The hypoxia signalling pathway with the predicted activity of molecules overlaid in colour. Ingenuity Pathway Analysis software was used to analyse the whole transcriptome of

MCF7 spheroids exposed to static or flow for 24h. The software uses input transcript data to infer prediction of molecules involved in the pathway.
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Figure 4.15: Transcript level changes in markers of hypoxia altered by IFF

MCF7 spheroids were formed from suspensions of 9.0 x 10* cells and then kept in either static or flow
conditions for 24h (A, C, E, G) or 72h (B, D, F, H). Total RNA was extracted at the end of experiments and
used for gPCR where B2M was the housekeeping gene. Data represent the mean of n=3 experiments.
Error bars represent mean + SEM. Statistical significance was determined by paired student’s t-tests; *p
< 0.05, ** p <0.01; ns = not significant



4.3.5.2 Effect of interstitial flow on cancer cells in a hypoxic environment
Static v. flow experiments were also conducted in a hypoxia chamber in an effort to mitigate the

effect of better oxygen supply to spheroids in flow, where continuous perfusion of fresh media
was suspected to increase oxygen availability. Two panels of genes were used for gPCR to
analyse the mRNA extracts of static and flow spheroids kept in hypoxia for 24h. Due to the
preliminary nature of these experiments and time constraints, total RNA extracts and their yields

were low, limiting the opportunity for extensive subsequent testing on samples.

The first panel used represented markers of hypoxia and included CA9 and VEGFA as in the
previous section, and HK2 was used as a marker of downstream hypoxia signalling (Figure 4.16).
CA9 showed no significant difference in the expression levels between static and flow and there
was also a large SEM for flow, due to the large spread of replicate values (0.83, 1.7, and 0.002).
VEGFA appeared downregulated in flow with the mean of VEGFA expression in flow being 0.62
FC less than that of static, but this was not statistically significant. Similarly, HK2 was not
significantly downregulated but the mean FC relative to static was ~0.5 less. Like VEGFA, there

was also a large SEM for HK2 due to replicates ranging from as little as 0.02 FC to 0.85.

The second panel used was comprised of three genes involved in a set of functions all related to
enriched pathways in flow, identified by RNA-seq and validated by gPCR. These were MCM6,
E2F1, and BRCA1, shown in Figure 4.17. MCM6 transcript levels in flow relative to static were
similar and the difference between the means was only 0.04. E2F1 and BRCA1 were not
statistically significantly upregulated, but the chart depicted an increase in transcript levels of

both in flow with ~0.3 FC increase in transcript expression relative to static.
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Figure 4.16: Effect of hypoxia on expression of hypoxic markers in interstitial flow

MCF7 spheroids were generated by seeding 9.0 x 10* cells per well in a ULA plate. After formation,
spheroids were either kept in the plate (static) or transferred to a flow device. Both conditions were kept
in 1% O, for 24h before spheroids were harvested and total RNA was extracted. gPCR analysis was
conducted using B2M as the housekeeping gene. Data represent the mean of n=3 experiments. Error bars
represent mean + SEM. Statistical significance was determined by paired student’s t-tests; *p < 0.05, ** p
< 0.01; ns = not significant
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Figure 4.17: Effect of hypoxia on expression of transcripts enriched by flow

MCF7 spheroids were generated by seeding 9.0 x 10* cells per well in a ULA plate. After formation,
spheroids were either kept in the plate (static) or transferred to a flow device. Both conditions were kept
in 1% O, for 24h before spheroids were harvested and total RNA was extracted. qPCR analysis was
conducted using B2M as the housekeeping gene. Data represent the mean of n=3 experiments. Error bars
represent mean = SEM. Statistical significance was determined by paired student’s t-tests; ns = not
significant
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4.3.6 Protein expression changes in cells exposed to interstitial flow

4.3.6.1 Waestern blotting of protein expression levels
Previous analyses identified changes in the transcriptome of static and flow MCF7 spheroids. To

investigate whether changes in protein expression were also occurring, Western blotting was
used. First, following on from the investigations into hypoxia and interstitial flow, HIF-1a. primary
antibody was used to visualise expression of this protein (Figure 4.18). Samples from 3D
spheroids as well as 2D samples were used. 2D samples were kept in either normoxic (20% 0O,)
or hypoxic (1% 0O;) conditions for 1h and 24h, to provide positive controls showing HIF-1a
expression in hypoxic conditions. As seen in the figure below, 3D samples required a longer
exposure time to visualize bands compared to the 2D controls. In the 3D samples, bands were
present in the static samples but not in flow, and in the 2D control samples HIF-1a. bands were

present in 1% O, samples at both 1h and 24h, but not in the normoxic counterparts.

MCF7

3D 2D

24 h 72 h 1h 24 h

20% 1% 20% 1%
0, O, 0, 0,

S F S F

250 sec exposure 90 sec exposure

-— — HIF-1a (120kDa)

B — — — B-actin (42 kDa)

Figure 4.18: HIF-10. expression in MCF7 cells

MCF7 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids (3D) were formed for 96h
and then kept in static (S) or flow (F) conditions for 24h and 72h. Additionally, MCF7 cells were seeded in
6mm plastic dishes and allowed to adhere for 24h before either being transferred to a hypoxia chamber
(1% 0,) or remaining in a cell culture incubator (20% O,). Adherent cells (2D) were kept in these conditions
for either 1h or 24h. Both 2D and 3D cell lysates were harvested at the end of experiments from their
respective conditions and protein was extracted, prepared, and run through an SDS-PAGE gel. 30 ug of
protein was loaded per well. Then, Western blotting was used to visualise HIF-1a expression, with 3- actin
used as a loading control. Blots are representative of n=3 experiments.
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Next, Hexokinase Il levels were evaluated in MCF7 spheroids using Western blotting and
densitometry to quantify expression. Hexokinase Il is a glycolytic enzyme protein implicated in
glucose metabolism. It is known to be upregulated in tumours and is considered a key factor in
progression of breast cancer (Patra et al., 2013). It is also important in hypoxic physiology and is
considered a downstream target of the HIF-1a signalling pathway. As seen in Figure 4.19 (A),
expression levels appear decreased by interstitial flow at both timepoints. However, there was
variation amongst the experimental repeats for this protein (B and C). Quantified bands were
not significantly different in flow compared to static, but a trend of decreased expression was
evident from the charts for both 24h and 72h. At 24h, average expression of HK2 in flow

spheroids was 0.53 FC less than static spheroids, and 0.55 FC less after 72h.

To see whether a similar trend could be present in a different cell line, MDA-MB-231 cells were
used to generate spheroids and 2D samples and analysed by Western blotting. As with the
MCF7s, HK2 appears to be decreased in expression in flow compared to static in the MDA-MB-
231 spheroids. It also appears in hypoxia at both the 1h and 24h timepoints in the adherent cells
and was overall more highly expressed in both of the 24h adherent samples. The experiment
represented in Figure 4.20 is only an n =1, but densitometry was performed for the static and
flow 24h samples (data not shown) and the quantification confirmed that there was a 0.46 fold

decrease in HK2 expression in the flow sample compared to static.
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Figure 4.19: Hexokinase Il expression in MCF7 spheroids

MCF7 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids were formed for 96h and
then kept in static (S) or flow (F) conditions for 24h and 72h. Spheroid cell lysates were harvested at the
end of experiments from their respective conditions and protein was extracted, prepared, and run
through an SDS-PAGE gel. Then, Western blotting was used to visualise HK2 expression (A), with - actin
used as a loading control. Blots are representative of n=3 experiments. Densitometry was performed to
quantify band intensity as shown in (B) and (C). Statistical testing was conducted using student’s paired t-
tests; ns = not significant.
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Figure 4.20: Hexokinase Il expression in MDA-MB-231 cells

MDA-MB231 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids (3D) were
formed for 96h and then kept in static (S) or flow (F) conditions for 24h and 72h. Additionally,
MDA-MB-231 cells were seeded in 6mm plastic dishes and allowed to adhere for 24h before
either being transferred to a hypoxia chamber (1% O,) or remaining in a cell culture incubator
(20% 0,). Adherent cells (2D) were kept in these conditions for either 1h or 24h. Both 2D and 3D
cell lysates were harvested at the end of experiments from their respective conditions and
protein was extracted, prepared, and run through an SDS-PAGE gel. Then, Western blotting was
used to visualise HK2 expression with 3- actin used as a loading control. Blots are representative
of n=1experiment.
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RPA protein (RPA32) expression was also evaluated to follow up on the DNA replication and
repair pathways that were shown to be enriched in flow in the RNA-seq dataset (section 4.3.3).
In MCF7 spheroids there was no difference evident in RPA expression between static and flow
spheroids at 24h or 72h (Figure 4.21 (A)). Densitometry was performed for n =3 experiments to
quantify band intensities and evaluate whether there was a difference evident from
guantification but not visual inspection of bands (Figure 4.21 (B, C)). RPA32 expression was not

significantly changed at either timepoint in comparison to static spheroids.

MDA-MB-231 cells and spheroids were also evaluated for the presence of RPA by Western
blotting but showed no clear difference between static and flow conditions after 24h (Figure
4.22). RPA band intensity did appear increased in 2D hypoxic samples. Densitometric analysis of
n =1 experiments with MDA-MB-231 yielded a 1.2 FC in expression of RPA in flow spheroids

compared to flow, confirming low levels of change between the two conditions.

Finally, p53 expression was evaluated in MCF7 spheroids (Figure 4.23). Visual inspection of
bands did not provide a clear picture of whether changes in expression were occurring.
Quantification of bands was used and showed no significant differences in expression of p53
after 24h or 72h. There was a lot of variation between the replicates at 24h (max range of 4.9
FC between highest and lowest replicate). At 72h there was less variation between replicates,

but all were close to 1, indicating there was not significant change from static.
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Figure 4.21: RPA32 expression in MCF7 spheroids

MCF7 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids were formed for 96h and
then kept in static (S) or flow (F) conditions for 24h and 72h. Spheroid cell lysates were harvested at the
end of experiments from their respective conditions and protein was extracted, prepared, and run
through an SDS-PAGE gel. Then, Western blotting was used to visualise RPA32 expression (A), with - actin
used as a loading control. Blots are representative of n=3 experiments. Densitometry was performed to
quantify band intensity as shown in (B) and (C). Statistical testing was conducted using student’s paired t-
tests; ns = not significant.
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Figure 4.22: RPA32 expression in MDA-MB-231 cells and spheroids

MDA-MB231 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids (3D) were formed
for 96h and then kept in static (S) or flow (F) conditions for 24h and 72h. Additionally, MDA-MB-231 cells
were seeded in 6mm plastic dishes and allowed to adhere for 24h before either being transferred to a
hypoxia chamber (1% O,) or remaining in a cell culture incubator (20% O,). Adherent cells (2D) were kept
in these conditions for either 1h or 24h. Both 2D and 3D cell lysates were harvested at the end of
experiments from their respective conditions and protein was extracted, prepared, and run through an
SDS-PAGE gel. Then, Western blotting was used to visualise RPA32 expression with - actin used as a
loading control. Blots are representative of n=1experiment
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Figure 4.23: p53 expression in MCF7 spheroids

MCF7 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids were formed for 96h and
then kept in static (S) or flow (F) conditions for 24h and 72h. Spheroid cell lysates were harvested at the
end of experiments from their respective conditions and protein was extracted, prepared, and run
through an SDS-PAGE gel. Then, Western blotting was used to visualise p53 expression (A), with 3- actin
used as a loading control. Blots are representative of n=3 experiments. Densitometry was performed to
quantify band intensity as shown in (B) and (C). Statistical testing was conducted using student’s paired t-
tests; ns = not significant.
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4.3.6.2 Analysis of spheroid secretion levels of VEGFA
Lastly, to examine whether secretion of protein (cytokines) may also be altered by flow, effluent

media samples were analysed using a VEGFA ELISA. Conditioned media from MCF7, MDA-MB-
231, and HEK293T spheroids kept in static or flow conditions for 24 hours or 72 hours were
collected and analysed by ELISA. HEK293T cells are a non-cancerous, human-derived embryonic
kidney line and represent a biology different to both the MCF7 and MDA-MB-231 cells. The
picograms (pg) per spheroid were calculated and are represented on the y-axis of the charts.

The standard curve used for these analyses can be found in appendix 2.

In the MCF7 spheroids after 24 hours, static and flow spheroids were not significantly different
in their secretion levels of VEGF. There was variation amongst the experimental repeats in flow
increasing the SEM; one replicate had very high levels of over 800 pg/spheroid, while the other
two replicates were < 400, and therefore also lower than the levels detected in the static
samples. However, after 72 hours a clear and statistically significant difference was evident
between static and flow, where flow had significantly lower levels of VEGF (by 272 pg/spheroid)

secreted in the media compared to static spheroids.

In contrast, VEGF secretion was significantly increased after 24h in the effluent media of MDA-
MB-231 spheroids exposed to flow. The mean of differences between static and flow was 1128
pg/spheroid at 24h. Only an n=1 could be used for 72h. It showed a decreased level of VEGF
secretion in flow compared to static by 246 pg/spheroid. HEK293T spheroids in flow secreted
significantly higher levels of VEGF compared to static counterparts, but in the sample from 72h

flow had less secretion compared to static.
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Figure 4.24: MCF7 secreted levels of VEGF

MCF7 spheroids were formed from 9.0 x 10* cells and kept in static or flow condition for 24h (A) and 72h
(B). Effluent media was collected from both conditions and timepoints and analysed for the presence of
secreted VEGF using a VEGF ELISA kit. Each black dot represents the levels detected in an effluent media
sample from an independent experiment, and a bar is representative of the average for that condition (n
= 3 experiments). The amount of VEGF in picograms (pg) per spheroid was calculated for all conditions.
Error bars represent the mean + SEM. Statistical significance was determined using paired student’s t-test;

***p < 0.001; ns = not significant.

109

Pg/spheroid

72 hours
1000 -
800 -
*okok
600
400 -
200 - s "
0 T
Static Flow



24 hours 72 hours
2000 - 2000 -
®
+

1500 1500
O . o
o o
o )

5 1000 < 1000-
0 0
5 x

500 500 —

0 T 0 I
Static Flow Static Flow

Figure 4.25: MDA-MB-231 secreted levels of VEGF

MDA-MB-231 spheroids were formed from 9.0 x 10* cells and kept in static or flow condition for 24h (A)
and 72h (B). Effluent media was collected from both conditions and timepoints and analysed for the
presence of secreted VEGF using a VEGF ELISA kit. (A) Each black dot represents the levels detected in an
effluent media sample from an independent 24h experiment, and a bar is representative of the average
of experiments (n = 3). Error bars represent the mean + SEM. Statistical significance was determined using
paired student’s t-test; *p < 0.05. (B) Values are representative of one independent 72h experiment only.
No statistical testing could be conducted.
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Figure 4.26: HEK293T secreted levels of VEGF

HEK293T spheroids were were formed from 9.0 x 10* cells and kept in static or flow condition for 24h (A)
and 72h (B). Effluent media was collected from both conditions and timepoints and analysed for the
presence of secreted VEGF using a VEGF ELISA kit. (A) Each black dot represents the levels detected in an
effluent media sample from an independent 24h experiment, and a bar is representative of the average
for that condition (n = 3 experiments total for each). Error bars represent the mean + SEM. Statistical
significance was determined using paired student’s t-test; **p < 0.01. (B) Values are representative of one
independent 72h experiment only. No statistical testing could be conducted.
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4.3.7 COMSOL modelling of oxygenation in static and flow environments

In collaboration with Dr Martin Christensen at the University of Hull, mathematical, computer-
based modelling was used to depict the distribution of oxygen in both static and flow conditions,
at various oxygen tensions. The COMSOL modelling software accounted for the chip material
(glass), the dimensions of the chip, the PDMS plug sealing the top of the spheroid chamber
(although this was not pictured by the software), and the flow rate set by the syringe pump
producing continuous perfusion. The kinetics for the basis of the modelling were set from a
paper by Grimes and colleagues which described a method for estimating oxygen consumption
in spheroids (Grimes et al., 2014) As can be seen in Figure 4.27 panels (A) and (C), computer
modelling confirmed that at the flow rate used within the flow cell 2 system (3 pL min), the
spheroid chamber remained hypoxic at 1% O, (represented by blue colour which corresponds
to low oxygen concentration). It also demonstrated that the spheroids in flow were better

oxygenated than their static counterparts.
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Figure 4.27: COMSOL modelling of oxygen distribution in static and flow environments

Computer-based modelling performed by Dr Martin Christensen as used to visualise oxygen distribution in static (A, B) and flow (C, D) environments at 1% O, (A, C) and 21% 0O, (B,D).
The diameter of spheroids used for modelling was 1mm. Oxygen concentration is represented by a colour scale, where red correlates to more oxygen and blue correlates to less.
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4.4 Discussion

The objective of this chapter was to investigate the effects of interstitial flow on the biology of
cells in the TME. The previous chapter refined a microfluidic system for housing viable spheroids
in a continuous flow environment for up to 72 hours and established methods for extracting
RNA and protein. In this chapter, the goal was to use that spheroid-on-chip device to gain a
better understanding of how interstitial flow impacts the biology of cells in the TME. The specific

aims of this chapter were to:

1. Examine how markers of EMT in cancer spheroids are impacted by interstitial flow.

2. Evaluate transcriptomic changes in cancer spheroids caused by interstitial flow.

3. Evaluate whether interstitial flow influenced protein expression profiles of cancer
spheroids in interstitial flow.

4. Toinvestigate the relationship between interstitial flow and hypoxia and how they affect

cancer spheroid biology in the TME.

To do so, a series of experiments evaluating transcriptomic changes and protein expression
changes in spheroids exposed to interstitial flow in the flow cell 2 chip were conducted, as well
as preliminary experiments conducted in hypoxia. EMT markers were not found to be regulated
by interstitial flow in our system, contradicting the findings of other studies. We did, however,
identify significant changes between the transcriptomes of spheroids in static and flow by using
RNA-seq analysis. This analysis revealed enrichment of pathways related to genome
preservation such as DNA replication and repair, as well as cell cycle. Transcription factor
enrichment analysis also identified E2F family members as significant targets of highly
differentially expressed genes. DNA replication and repair gene transcript levels were validated
using qPCR analysis, but cell cycle markers were not conclusively upregulated as they were in
RNA-seq. Protein expression analysed by Western blotting did not mimick the pathway
enrichment patterns either, however, analysis of secreted VEGF protein did mirror

downregulated VEGFA transcript levels identified in flow by qPCR.

44,1 EMT-associated markers are not significantly altered by interstitial flow

Previous studies have asserted that fluid flow affected cancer cells by causing them to increase
expression of EMT markers, increase invasion capacity, and increase their metastatic potential.
Tchafa and colleagues showed that interstitial fluid flow induced invasion in breast cancer cells
(Tchafa et al., 2015). Another group, Rizvi and colleagues, used a microfluidic device to produce
flow shear stresses and found significant upregulation of E-cadherin protein expression as a
result, as well an increase in vimentin expression (Rizvi et al., 2013). Following these findings

and others, we used EMT as a starting point for investigations of how interstitial flow in our flow
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cell 2 system impacted cell biology. gPCR analysis was conducted on static and flow spheroid
samples and genes known to be involved in EMT and the metastatic cascade were chosen to

reflect the EMT process at a transcript level.

Contrary to the findings of many other studies, our results did not show a clear or conclusive
upregulation in EMT markers. This could have been due to the differences in our model (3D
spheroids with IFF) compared to previous work (2D or 3D single-cell suspensions). LOX, PTGS2,
SNA1L, and VIM all contribute to tumour progression and were therefore expected to be
upregulated in flow compared to static, if flow was indeed inducing changes consistent with
EMT. LOX was significantly upregulated initially at 24h in flow but the effect was not maintained
after 72h. In contrast, VIM was actually significantly downregulated in flow after 24h. After 72h
that changed, and there was no significant difference between static and flow for VIM transcript
levels. Meanwhile, PTGS2 and SNA1L were not significantly different for the static and flow
conditions at both timepoints. Taken together, these results did not support a clear pattern of

upregulation and indeed did not show a clear overall pattern of any kind.

Next, CDH1 and the protein it codes, E-cadherin, were investigated. E-cadherin expression is
often lost in EMT, due to the role that E-cadherin has in maintaining normal epithelial cell
adhesion (Baranwal & Alahari, 2009). Results from spheroids in our flow cell 2 device did not
show decreases in expression of either CDH1 at the transcript level or expression of the protein
E-cadherin. This further indicated that EMT was not being induced by interstitial flow in our
system, contrary to the conclusions drawn by other groups. The working hypothesis we inferred
from these results was that the 3D structure of the spheroids used in our work must play a crucial

role in the response to flow.

Lastly, two MMPs were chosen to evaluate with gPCR. Spheroids in the flow cell 2 system were
embedded in Matrigel, an extracellular-like matrix, as described in section 2.3.7. Therefore, we
hypothesised that MMPs may be a target for change due to the roles they have in cell invasion
and degradation of the ECM surrounding a tumour. MMP14 is known to cleave ECM components
and MMP1 has been specifically implicated in breast cancer invasion capacity (Itoh, 2006; Zhang
et al., 2022). However, MMP1 and MMP14 were overall not significantly altered by flow —in the
one condition that they were significantly different, MMP1 was downregulated in flow after 72h,

contrary to what would be expected in cancer cell invasion.

In summary, the results from our flow cell 2 system were not consistent with findings from
previous studies where flow appeared to upregulate EMT markers. In fact, our results showed
an inconsistent pattern of some markers expected to be upregulated being downregulated in

flow, such as VIM transcripts after 24h and MMP1 transcripts after 72h. Importantly, many of
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the studies that reported flow causing upregulation of EMT used flow rates which are higher
than what has been reported in vivo, often using flow velocities closer to the ranges seen in
blood vessels (Kutikhin et al., 2018; Yang & Xu, 2021). Interstitial flow velocities in vivo are poorly
described and vary immensely depending on site, measurement methods, and species. Tumours
in mice measured using dynamic contrast-enhanced MRI measurements have reported
interstitial flow velocities as low as 0.1 um s while another study reported velocities as high as
55 um stin metastatic cases of locally advanced squamous cell carcinoma of the uterine cervix
in humans (Dafni et al., 2002; Munson & Shieh, 2014). Furthermore, the studies we are aware
of which describe using 3D cell culture actually use suspensions of single cells in a 3D
environment (such as inserts) rather than the use of spheroids or 3D masses. This suggests that
the organisation of cells in a 3D mass may be important to how cells respond to fluid forces, and
that single cells may be more susceptible to the effects of fluid flow than those in aggregates

even when they are in an ECM.

4.4.2 Interstitial flow leads to dramatic changes in the transcriptome of MCF7 spheroids

4.4.2.1 RNA-seq and in silico analysis
The findings in the previous section did not show a clear pattern of change between static and

flow, but only in the scope of EMT. Therefore, we sought to use an unbiased approach that
would examine transcriptome-wide changes in static and flow cancer spheroids, and which
could identify other functional areas where changes might be occurring. RNA-seq was used to
do this, analysing the transcriptomes of MCF7 spheroids kept in static or flow for 24h. The 24h
timepoint was chosen to see whether changes could be induced after only 24h, which would
indicate a swift and significant influence of IFF on the spheroids. Furthermore, only one
timepoint could be examined due to cost limitations but future work will aim to examine 72h

and longer in the system.

To the best of our knowledge, this project is one of the first to conduct whole-transcriptome
analysis of changes caused by interstitial flow in cancer spheroids. A study by Hoon Cho and
colleagues used transcriptome-wide analysis to look at microRNA alterations in breast cancer
induced by compression (Kim et al., 2016a). However, the mechanical compression used in their
experiments was very different to the interstitial-like flow used in our study, and therefore
mechanical forces induced were also different. Additionally, they cited the use of 3D cell culture,
but this did not involve spheroids or any type of aggregates, simply cells suspended in

extracellular matrix.

The results of the RNA-seq analysis we conducted established that significant differences existed

between the transcriptomes of static and flow spheroids. Patterns of differential expression
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were evident in the maps of up and downregulated genes (Figure 4.4, Figure 4.6) and the
changes were highly significant (Figure 4.4). These unique expression profiles were the first

indication that interstitial flow did indeed have an appreciable effect on cells in this condition.

To examine the patterns further, gene-set enrichment analyses were conducted to compare
differentially expressed genes against curated databases with canonical pathways. Pathways
and functions involved in cell cycle and DNA replication and repair were significantly
represented in the results of these analyses (Figure 4.7, Table 4.2). This is particularly interesting
given that MCF7 is an ER+ breast cell line, and estrogen receptors exert influence over
transcriptional processes and signalling events that affect gene expression ((Fuentes & Silveyra,
2019). More so, transcription factor enrichment analysis (Figure 4.8) revealed that the E2F family
of transcription factors represent half of the top ten enriched factors yielded by inputting the
600 most upregulated, protein-coding genes identified by RNA-seq. The E2F family of
transcription factors are regulators of genes involved in cell cycle control and cell proliferation
(Muller & Helin, 2000). This finding aligned with the pathway enrichment analysis results
showing cell cycle pathways to be upregulated. It is also of particular interest because E2F
transcription factors have been implicated in cancer because of their roles in regulating cell
proliferation. So whilst EMT markers were not affected by flow, it was interesting that another

marker associated with cancer progression was increased due to interstitial flow.

It is also worth noting that the RNA-seq analysis yielded a large volume of results, as it analysed
over 30,000 genes. We chose not to investigate a large portion of the findings in more detail
(mainly due to feasibility and time constraints), such as the role of microRNAs and other non-
protein-coding transcripts. These could play important roles in the effect interstitial flow is
having on cells and are an excellent target for future work. RNA-seq also laid the foundation for
other up- and downstream pathway effects to be analysed further. An interesting example is
the upregulation of DNA damage response pathways that was predicted by the enrichment
analyses conducted in IPA, shown in Figure 4.28. Potential future work could involve exposing
cancer spheroids to radiation and then keeping them in flow conditions to assess whether the
predicted upregulation of the DNA damage response pathway improves their ability to recover.
As far as we are aware, this is not an area that is well researched. There have been examples of
clinical studies examining how high interstitial fluid pressure affects treatment outcomes, such
as the use of radiation, for cancer patients (Rofstad et al., 2009). But none to our knowledge
have examined how interstitial fluid flow may help cells exposed to radiation - especially in a 3D

mass - recover from DNA damage induced by radiation.
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Figure 4.28: DNA damage response pathway with predicted activity of molecules from RNA-seq overlaid

The DNA damage response signalling pathway with the predicted activity of molecules overlaid in colour. Ingenuity Pathway Analysis software was used to analyse the whole
transcriptome of MCF7 spheroids exposed to static or flow for 24h. The software uses input transcript data to infer prediction of molecules involved in the pathway
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It is possible that more oxygen available to spheroids in flow simply increases production of
reactive oxygen species (ROS), which also causes damage to DNA and could therefore be the
culprit responsible for triggering the predicted DDR response. The investigations using our flow
system in a hypoxic environment (discussed in detail in section 4.3.5 were inconclusive as to
whether the DNA repair response was still upregulated in hypoxia (where oxygen availability

was not a factor), so this hypothesis would require further work.

4.4.2.2 Validation of enrichment patterns
The RNA-seq analysis provided a broader scope of understanding into how interstitial flow was

affecting the transcriptome of cancer spheroids. We sought to validate whether these patterns
of enrichment were confirmed by qPCR analysis. Additionally, we used 72h samples as another

timepoint to see if enrichment patterns were maintained with extended exposure to flow.

Overall, the genes selected to represent DNA replication saw significantly increased transcript
levels relative to static spheroids. Only RRM2 transcript levels at 24h were not significantly
upregulated in flow compared to static, but a trend of increase was noted. The fold changes for
the other DNA replication genes were significant but small, in the range of 2 or 3-fold. The
findings do suggest that DNA replication pathways were being activated by flow after as little as
24h and for as long as 72h. These results set a framework for looking at extended timepoints for
spheroids in flow, perhaps to see if downstream effects of increased DNA replication could be

identified.

The results of the cell cycle gene panels were less conclusive, as most results were not significant.
Notably though, E2F1 transcripts were significantly upregulated in flow after 24h. This finding
aligned well with the transcription factor enrichment analysis conducted on the gene set of the
600 most upregulated transcripts identified by RNA-seq, where E2F family transcription factors
were significantly associated with the input genes. It would be useful to conduct repeats of the
static v. flow experiments and repeat the qPCR analysis because there were variations between
the experimental repeats used for these analyses. Only 3-4 independent experiments were
conducted, making it difficult to identify outliers in such a small sample of replicates where

distribution could not be analysed.

The DNA repair response was confirmed by significant upregulation of BLM, EXO1, and FEN1
transcripts in flow. It is worth noting that many of the genes selected for the panels and
therefore involved in cell cycle, DNA replication, and DNA repair, have roles in more than one
pathway and indeed often overlap within these categories. Therefore, it is important to
remember that their roles are not restricted to their assigned panel. In the case of DNA repair

and replication, this is especially true. RAD51, however, is considered a canonical indicator of

119



DNA damage. Our results showed no significant differences between RAD51 transcripts in static
and flow, but this may demonstrate that DNA damage was not being caused by interstitial flow.
Rather, DNA replication and replication stress transcripts were upregulated, pointing to those

processes being active.

It is also worth noting that experiments conducted by an undergraduate student in our lab using
the flow cell 2 system and HEK293T spheroids (a non-cancerous cell line) reported significantly
increased transcript levels of MCM6 as a result of interstitial flow. This finding is interesting
because HEK293T cells are non-cancerous, highlighting the potential ability of flow to induce cell

biology changes regardless of cell transformation status.

Finally, we evaluated transcript levels of BRCA1 and BRCA2 (Figure 4.12). Both are considered
canonical breast cancer susceptibility genes but have also been implicated in cell cycle regulation
and cell proliferation processes. Interestingly, interstitial flow significantly increased transcript
levels of BRCA1 and BRCA2 in MCF7 breast cancer spheroids as compared to MCF7 spheroids
maintained in static medium. This finding is notable for a couple of reasons: first, breast tissue
and tumour microenvironments are reported as having significantly altered ISF pressure and
therefore altered flow as well (Nathanson & Nelson, 1994). Identifying an upregulation of BRCA
transcripts in breast cancer spheroids exposed to interstitial flow in vitro aligns with these
reports and highlights the potential importance of flow as a feature needed in in vitro models.
Secondly, BRCA1 and BRCA2 have been characterised as key factors in cell cycle and DNA
damage response pathways (refer to Figure 4.28, as an example), and cells deficient in BRCA2
have demonstrated genomic instability and hypersensitivity to DNA damaging agents, such as
radiation (Sadeghi et al., 2020). Our results showing increased BRCA transcripts indicate that
interstitial flow in the TME may contribute to cancer cell progression and capacity to survive by

upregulating expression of these genes.

4.4.3 The relationship between interstitial flow, hypoxia, and cell biology in the TME

The results of the analyses at transcript level, described in the previous section, established that
interstitial flow was asserting a significant set of changes on the transcriptome of MCF7
spheroids. In addition to interstitial flow, another important (and more established) clinical
feature of many solid tumours is hypoxia. In breast cancer, hypoxia has been linked to metastasis
(Gilkes & Semenza, 2013). Here, the relationship between interstitial flow and hypoxia was

explored to understand how these two physiologies work in early tumour progression.

First, we established that in the flow condition spheroids were better oxygenated and saw
decreases in hypoxia signalling (Figure 4.27). A set of hypoxia markers were used for qPCR

analysis and all were decreased at transcript level in flow, though not all were statistically
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significant, just noted trends of decrease (Figure 4.15). We also collaborated with Dr Martin
Christensen to use mathematical, computer-based modelling to depict the distribution of
oxygen in both static and flow conditions, at various oxygen tensions. In a normoxic atmosphere
of 21% 0O, spheroids did appear to have better oxygenation in the microfluidic chamber than
spheroids in static wells, where oxygen concentration is highest at the furthest point from the
spheroids (Figure 4.27 (B) and (D)). With continuous perfusion of fresh media there was
expected to be an increase in oxygen supply to spheroids in flow and a subsequent
downregulation of hypoxia signalling (Figure 4.14) as described above. However, it was unclear
whether the novel enrichment patterns identified in flow, such as upregulation of DNA repair
and replication pathways, were a by-product of better access to oxygen or a result of fluid flow
forces. For example, increased oxygen availability could lead to increased production of ROS,
which can also trigger DNA damage and repair responses (Srinivas et al., 2019). In order to
discern whether the differential expression of genes in flow was a result of fluid forces, the flow
v. static experiment setup was conducted in a hypoxia chamber at 1% O,. Therefore, the static
and flow spheroids would theoretically experience the same level of hypoxia, but only flow

spheroids would experience the effect of interstitial fluid flow in their environment.

As can be seen in Figure 4.27 panels (A) and (C), computer modelling confirmed that at the flow
rate used within the flow cell 2 system (3 pL mint), the spheroid chamber remained hypoxic at
1% O, (represented by blue colour which corresponds to low oxygen concentration). These
results confirmed that as expected, continuous perfusion did not improve oxygen availability to
the spheroid chamber on-chip compared to static wells when experiments were conducted in a
hypoxia chamber. Therefore, results from experiments conducted in hypoxia where flow was
compared to static showed the effect of fluid flow, not the effect of improved oxygen availability

in the flow device.

The first panel of genes used to evaluate differences between static and flow in hypoxia
represented markers of hypoxia. This was to check whether flow spheroids were still
downregulating hypoxia signalling compared to static spheroids, even with both in a hypoxic
environment. qPCR analysis of CA9, VEGFA, and HK2 showed no significant differences between
transcripts, suggesting that flow spheroids were not downregulating hypoxia signalling more
than static counterparts when both were in hypoxia. Next, a selection of transcripts that were
significantly upregulated in flow and which related to DNA replication, repair, damage response,
and cell cycle functions were evaluated. MCM6, E2F1, and BRCA1 were not significantly
upregulated by interstitial flow when the experiment was conducted in hypoxia. However, more
work is being done in our lab to explore this further, including RNA-seq of static and flow

spheroids kept in hypoxia at 1% O..
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Despite no significant differences detected between static and flow spheroid transcripts in
hypoxia, it was notable that VEGFA transcripts remained low in flow, by 0.63 FC average less
than static. Hypoxia is generally associated with increased VEGF production; however, hypoxia
is not the only transcriptional regulator of VEGF (Vaupel, 2004). Other stimuli such as growth
factors, hormones, cytokines and cellular stresses have been reported to regulate its expression
at the transcriptional level (Pages & Pouyssegur, 2005). Therefore, these preliminary results
could indicate that a factor other than hypoxia is regulating VEGFA transcripts in the flow cell 2

system.

4.4.4 Interstitial flow does not significantly impact the protein expression profile of
cancer spheroids

Expression changes seen at gene or transcript level do not always translate directly to those seen
at protein level as a number of processes such as post-translational modifications may affect

IM

protein expression. Additionally, the time from transcript level “instructions” to the expression
of a protein may be more than what is experimentally tested, and there are other molecular
overrides of transcript level changes that could modulate protein expression. Most of the fold
changes for gene transcripts discussed in the previous sections were low-grade (less than 10-
fold for all). We sought to investigate whether protein expression was influenced by interstitial

flow at the timepoints used in our study.

Western blotting was used to confirm that hypoxia was less prevalent in the flow spheroids than
in static spheroids. This effect was demonstrated in Figure 4.18, where HIF-1la bands were
present in static samples but not flow samples. This confirmed that protein expression
associated with hypoxia was downregulated by interstitial flow, as was seen at transcript level
previously. HK2 was also blotted for, as it is another downstream marker of hypoxia signalling
and has roles in cellular metabolism. No significant differences were detected in HK2 expression
levels between static and flow MCF7 spheroids or MDA-MB-231 spheroids, but notable trends
of decrease were identified. MDA-MB-231 cells represent a breast cancer biology different to
that of MCF7 cells, as they are triple negative (as discussed in section 1.3). Analysing the
expression of HK2 in the MDA-MB-231 cells in 2D and in hypoxia served as a method of further
comparison. It was not possible to collect sufficient protein from MDA-MB-231 spheroids culture
in static and flow for 72 hours, so adherent samples were used instead. Hypoxic samples were
also added to the sample panel stratification as a matter of interest, given the relationship
between HK2 and hypoxia signalling. Furthermore, since HK2 was expected to be highly
expressed in more hypoxic cells, the 24h hypoxic sample served as a positive control to indicate
whether the antibody was effectively detecting the protein. RPA expression was also evaluated,

as it is a marker of DNA replication stress. However, neither MCF7 nor MDA-MB-231 spheroids

122



saw significant differences in RPA expression between static and flow conditions. This indicates
that DNA replication was upregulated at transcript level, but expression of replication stress at
the protein level was not occurring. Lastly, the tumour suppressor p53 was also evaluated using

Western blotting in MCF7 spheroids, but there were no significant differences detected.

In summary, the protein expression profiles of MCF7 and MDA-MB-231 spheroids were not
shown to be significantly different in these experiments. Only the expression of HIF-1a was
markedly downregulated by flow. Protein expression experiments may require the use of longer
exposures to interstitial flow, to allow changes seen at transcript level to be translated to
detectable differences in protein expression. For example, a study by Winkelman and colleagues
that reported increased protein expression in a glioblastoma-on-chip model used periods of up

to 8 days for experiments (Winkelman et al., 2021).

4.4.5 Chapter conclusion

In summary, this chapter showed that interstitial flow in our flow cell 2 system did not reproduce
the upregulation of EMT markers reported by other studies using fluid flow on single cell
suspensions in 3D environment. Our results did reveal significant differences between the
transcriptomes of static and flow MCF7 spheroids, leading to the novel discovery of upregulated
DNA replication and repair transcripts identified by RNA-seq and confirmed by qPCR analysis.
This effect was not maintained when static and flow spheroids were kept in hypoxia at 1% O,,
but further work is needed to better understand the effects interstitial flow has on cells in

hypoxia.
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Chapter 5 Identification of potential interstitial flow biomarkers
and evaluation of their clinical relevance
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5.1 Introduction

5.1.1 Biomarkers in cancer

Biological markers, known as biomarkers, are broadly defined as biological characteristics that
can be objectively measured and evaluated as indicators of normal biological processes,
pathogenic processeses, or pharmacological responses to a therapeutic intervention (Naylor,
2003). In more specific terms, biomarkers have been defined as “cellular, biochemical, or
molecular alterations that are measurable in biological media such as human tissues, cells, or
fluids” (Hulka & Wilcosky, 1988). Further to this definition there are also two major types of
biomarkers commonly recognised. The first is biomarkers of exposure, which are used in risk
prediction. The second is biomarkers of disease, which are used in the context of screening,
diagnosis, and disease progression monitoring. A good biomarker is generally accepted as
needing to meet two criteria: sensitivity and specificity. Sensitivity refers to the proportion of
individuals with confirmed disease who test positive for the biomarker. This is also known as the
true-positive test result. Specificity is the true-negative result, or the proportion of control
subjects who test negative for the biomarker (Wagner et al., 2004). Biomarkers can also be
either predictive or prognostic, and in some cases may be both. A predictive biomarker is used
for predicting patient responses to a treatment or in practice, deciding what treatment
measures should be used on a patient. Prognostic biomarkers are used for giving an indication
of how the disease will progress and identifying the likelihood of a clinical event, independent

of treatment (Das et al., 2017).

In the context of cancer, a biomarker often refers to a substance or process that is indicative of
the presence of cancer in the body. However, biomarkers can also be used as tools for cancer
risk assessment, screening, accurate diagnosis, patient prognosis, and prediction of response to
therapy. In these ways they can serve to optimise decision making in a clinical setting. Given that
metastasis is responsible for an overwhelming majority of cancer deaths and significantly
depreciates patient outcomes, much of biomarker research in cancer has focused on early
detection, prior to the spread of disease throughout the body (Sarhadi & Armengol, 2022). There
is also an increasing interest in the use of biomarkers for personalised cancer treatments, often

referred to as personalised oncology (Kalia, 2015; Rodriguez-Antona & Taron, 2015).

5.1.2 IFF biomarkers

Tumour ISF is the first point of contact a tumour has with its surrounding environment, bathing

the tumour and stroma cells. It follows that interest in ISF has increased, especially for the
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potential trove of information it may hold about the tumour it surrounds (Wagner & Wiig, 2015).
Indeed, this is where most research on biomarkers and ISF has overlapped; researchers have
tried to use ISF as a sampling medium for tumour specific proteins and other biomarker
candidates. ISF has even been referred to as the cancer secretome because it is considered by
some researchers to be the best medium for studying proteins secreted by cancer cells and other
cells in the confined environment of a tumour (Xue et al., 2008; Makridakis & Vlahou, 2010). An
example analogous to cancer is work conducted by Sun and colleagues that sought to
characterise the proteome of ISF surrounding liver tissue to identify biomarkers of liver disease,
highlighting how ISF is gaining notoriety for its direct interactions with pathological sites (Sun et

al., 2010)

However, aside from the use of ISF as a sampling medium for cancer-secreted biomarkers, there
has been less work on establishing biomarkers of interstitial fluid flow itself. ISF pressure - which
has also started to gain clinical relevance for the barriers to treatment it creates — is in some
cases considered a predictive biomarker (Lunt et al., 2008; Salavati et al., 2022). That is, a
measured increase in ISF pressure equates to poor prognosis (Ferretti et al., 2009). But again,
molecular markers of ISF pressure have been examined very little, and to our knowledge no

work has been done to specifically establish biomarkers of fluid flow.

5.1.1 Chapter specific hypothesis, aims, and objectives

There remains little understanding of the specific molecular changes associated with changes in
fluid flow in tumour microenvironments. Furthermore, even though changes in interstitial fluid
flow and pressure are increasingly recognised as important contributors to challenges
associated with treatment successes, little research has been done to elucidate the molecular
mechanisms by which interstitial fluid influences clinical outcomes. Identifying such mechanisms
could provide a better understanding of not only the role that interstitial fluid has in the TME
but could also identify biomarkers of altered IFF. We hypothesized that identification of a gene
that was significantly differentially expressed in the RNA-seq analysis (conducted in Chapter 4)
could be assessed against various clinical outcomes to identify a potential biomarker of IFF in

the TME. To accomplish this, the following objectives were outlined:

1. Identify a gene or genes significantly differentially expressed by IFF that could serve as
a potential biomarker.

2. Evaluate expression of identified gene(s) in breast cancer patient datasets.

3. Determine whether expression of the identified gene(s) correlates to breast cancer

patient outcomes.
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5.2 Experimental design

5.2.1 Identification of flow biomarkers — criteria for selection

To identify possible ISF flow biomarkers, the list of differentially expressed genes produced by
RNA-seq (as described in chapter 4) was used to identify potential candidates. We used a set of
criteria aimed at identifying significantly changed, cancer-relevant genes which would be viable
candidates to go on and meet the criteria for a good biomarker outlined in section 5.1.1 above.
The 50 most up- and downregulated genes from the DEG lists were evaluated against the

following criteria:

e DEG to have P <0.01 reported
e relevance pertaining to cancer in the literature

e no read counts present in one of the conditions (static or flow)

5.2.2 Analysis of potential flow biomarker transcript levels

Potential biomarker candidates identified by RNA-seq as predictive indicators of IFF were initially
assessed by qPCR as previously reported (2.5.3). In brief, MCF7 spheroids were kept in static or
flow conditions (2.3.6) for 24h and extracted RNA was analysed using gPCR. The 24h timepoint
mirrored the experiment duration for the spheroids analysed by RNA-seq and the 72h timepoint
was added to investigate whether a longer duration mimicked results at 24h. Transcript levels
of the 4 genes selected as described in 5.2.1 were analysed to identify whether the expression
pattern demonstrated in the RNA-seq dataset was reproduced when analysed by gPCR for both

timepoints.

5.2.3 Insilico analyses to evaluate the prognostic value of IFF biomarker(s)

The implication of identified IFF biomarker candidate gene expression levels on patient survival
was evaluated using online, patient database tools. First, KMplotter (kmplot.com/analysis) was
used to assess the correlation between IFF biomarker gene expression and patient survival
outcomes (section 2.7.3.2). KMplots provide a visualisation of the effect of high or low
expression of the gene of interest on a patient’s prognosis (Lanczky & Gyorffy, 2021). Next,
TNMplot was used for evaluating differential expression of IFF biomarker candidates in tumour
and normal tissues (tnmplot.com/analysis) as described previously (2.7.3.1). This tool uses an
integrated database of transcriptome-level patient datasets to evaluate expression levels of

genes of interest in tumour, normal, and metastatic tissues (Bartha & Gyorffy, 2021).
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5.2.4 Insilico analyses to evaluate the predictability value of IFF biomarker(s)

ROCplotter was used for validation of identified IFF biomarker candidates as predictive
biomarkers in breast cancer (rocplot.org). This online tool links data on patient gene expression
levels and responses to therapy to evaluate how predictive the selected gene/biomarker is. An
ROC curve plots consist of sensitivity measured on the y-axis and 1-specificity on the x-axis (Zou
et al., 2007). Figure 5.1 shows hypothetical ROC curves representing the diagnostic accuracy. An
area under the ROC curve (AUC) is computed which determines the prognostic power of the
input gene or “test”. AUC values are between 0-1, and the prognostic power is defined as: AUC
< 0.6 = effect is small for clinical utility, 0.6 < AUC < 0.7 = cancer biomarker with potential clinical
utility, 0.7 < AUC < 0.8 = high quality cancer biomarker, and AUC > 0.8 = best possible biomarker
(Fekete & Gyorffy, 2019). AUC is equal to 0.5 when the ROC curve corresponds to random chance
and 1.0 corresponds to perfect accuracy. A value less than 0.5 would indicate that the biomarker

does worse than random chance at predicting outcomes (Zou et al., 2007).
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Figure 5.1: Demonstration of hypothetical receiver-operating characteristic analysis

Three hypothetical ROC curves are represented by lines A, B, and C. Line A is in the upper and left axes,
representing the “gold standard” of diagnostic accuracy where the AUC = 1. Line B represents a typical
ROC curve with an AUC = 0.85. Diagonal line C corresponds to random chance. As the accuracy of a
diagnostic test improves, the ROC curve line moves toward position A and the AUC increases, approaching
1. Figure from (Zou et al., 2007).
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5.3 Results

5.3.1 Selection of genes of further interest from differentially expressed gene list
produced by RNA-seq

A list of differentially expressed genes was obtained by RNA-seq as described in Chapter 4. This
list was extensive, with thousands of genes differentially expressed compared to the static
condition. To achieve the aim of identifying potential biomarkers of IFF, this list needed to be
narrowed down to select genes of interest that could then be further evaluated for potential
clinical relevance. Four genes of interest were identified from the list of differentially expressed
genes obtained by RNA-seq to further evaluate as potential biomarkers of IFF. ACTL8 and RAB6C
were selected from the list of DEGs upregulated in flow and only present in flow samples. ABCA8
and BARHL1 were selected as the candidates from the list of downregulated DEGs; because
genes selected on the basis of no read counts present in the other condition, this meant that
these targets were unique to static spheroids and not expressed in flow. Table 5.1 outlines the

targets selected for each category.

5.3.2 Validation of potential IFF biomarkers by qPCR analysis
gPCR was used to determine relative expression level changes of the 4 genes selected in section
5.3.1. Transcript levels were analysed in MCF7 spheroids exposed to flow compared to those in

static for 24h and 72h (see section 2.5.3 for detailed methodology).

Of the two genes unique to flow, only one of the genes of interest, ACTL8, was significantly
upregulated compared to static and this was only at the 72h timepoint. At 24h there was a
distinct increase in transcript levels evident in the chart as can be seen in Figure 5.3, panel A.
ACTLS transcript levels in flow after 24h were an average of 19.5-fold higher relative to static,
however, this was not statistically significant. The other gene uniquely present in flow samples
was RAB6C and the results for this gene are shown in Figure 5.2. Neither timepoint yielded
significant differences in RAB6C transcript levels between static and flow. There was also a large
SEM at both timepoints due to variation between replicates. Both conditions had 1 replicate
showing increase relative to static and 1 showing a decrease relative to static, so there was no

clear pattern of relative expression.
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Table 5.1: Genes selected from RNA-seq dataset as viable biomarker candidates

Present only in flow
Gene Protein p-value Fold Protein function Evidence in cancer
change literature
ACTL8 Actin like 8 8.3x10°% 75.6 Member of the Previously associated
cancer-testis antigens | with breast cancer (Yao
family. et al., 2014)
Involved in epithelial Key role in invasion and
cell differentiation. metastasis of colorectal
cancers (Han et al., 2019)
RAB6C RABG6C, 2.2.x103 32.7 Involved in mitotic Expression may confer a
member RAS cell cycle, regulation selective advantage to
oncogene of centrosome drug-resistant breast
family duplication, and cancer cells (Young et al.,
response to 2010)
xenobiotic stimulus. Serves as an independent
prognostic factor of
distant recurrence risk in
systemically untreated
patients with an ER+/PR-
tumor (Fohlin et al.,
2020)
Present only in static
ABCA8 ATP binding | 7.5x 1073 0.034 Membrane- Study found (by meta-
cassette associated protein in analysis) significantly
subfamily A superfamily of ATP lower expression in
e binding cassette breast tumors compared
(ABC) transporters. to normal breast tissue
ABC proteins (Shahan Mamoor,
transport various preprint
molecules across 10.31219/0sf.io/8rzk2)
intra- and
extracellular
membranes. May
regulate lipid
metabolism and be
involved in the
formation and
maintenance of
myelin.
BARHL1 BarH like 0.011 0.052 Enables sequence- Expression may
homeobox 1 specific double- decelerate tumour
stranded DNA binding | growth in human and
activity. Predicted to mouse medulloblastoma;
be involved in may have tumor
reulation of suppressive roles (Poschl
transcription by RNA et al., 2011)
polymerase II.
Considered biomarker
of triple-negative
breast cancer.
Information in this table was gathered from curated gene databases online; genecards.org and ensembl.org unless
cited otherwise.
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Next, the 2 genes uniquely present in static RNA-seq samples, BARHL1 and ABCAS8, were
assessed. BARHL1 was not significantly different between static and flow conditions at either
timepoint. The mean of differences between conditions at 24h was 2.2 FC and 1.5 FC at 72h, but
one replicate in each timepoint dataset was greater than 5 FC whereas the other two were
below 1.5, creating variation between replicates. The results did not coincide with the findings
of the RNA-seq analysis where BARHL1 transcripts were differentially expressed between
conditions. The next gene examined, ABCAS8, could not be detected in 2 out of the 3 flow samples
used for gPCR and therefore measurable fold changes for 3 independent experiments could not
be attained. Thus, statistical testing could not be performed on the fold change data. The
mechanism of detection in qPCR is by cycle threshold and if the levels of mMRNA ABCA8 were so
low in the flow samples that no read counts were produced during the RNA-seq analysis, it is

possible that gPCR was not sensitive enough to detect such low transcript message.

Overall the results of the qPCR analysis for these genes did not align closely with the differential
expression detected for them by RNA-seq. ACTL8 was the only gene of the 4 candidates that saw
results consistent with the RNA-seq and had significantly different relative expression of
transcripts compared to static after 72h. Therefore, ACTL8 was selected as the candidate gene

for further exploration of biomarker viability.
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Figure 5.2: RAB6C transcript levels in MCF7 spheroids in flow vs static conditions

MCF7 spheroids were formed from 9.0 x 10* cells and kept in either static or flow conditions for 24h (A)
or 72h (B). Total RNA was extracted from x 3 spheroids at the end of experiments and used for qPCR. The
housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error bars represent
mean +/- SEM. Statistical significance was determined by paired student’s t-tests; ns = not significant.
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Figure 5.3: ACTL8 transcript levels in MCF7 spheroids in flow vs static conditions

MCF7 spheroids were formed from 9.0 x 10* cells and kept in either static or flow conditions for 24h (A)
or 72h (B). Total RNA was extracted from x 3 spheroids at the end of experiments and used for gPCR. The
housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error bars represent
mean +/- SEM. Statistical significance was determined by paired student’s t-tests; *p < 0.05; ns = not
significant.
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Figure 5.4: BARHL1 transcript levels in MCF7 spheroids in flow vs static conditions

MCF7 spheroids were formed from 9.0 x 10* cells and kept in either static or flow conditions for 24h (A)
or 72h (B). Total RNA was extracted from x 3 spheroids at the end of experiments and used for qPCR. The
housekeeping gene used was B2M. Data represent the mean of n=3 experiments. Error bars represent
mean +/- SEM. Statistical significance was determined by paired student’s t-tests; ns = not significant.
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Figure 5.5: ABCAS8 transcript levels in MCF7 spheroids in flow vs static conditions

MCF7 spheroids were formed from 9.0 x 10* cells and kept in either static or flow conditions for 24h (A)
or 72h (B). Total RNA was extracted from x 3 spheroids at the end of experiments and used for qPCR.
Signal was undetectable in n=2 samples and therefore data represent n=1 experiments. Statistical
significance could not be determined.

136



5.3.3 Evaluation of expression levels of ACTL8 in cancer patient tissue

Following the selection of ACTL8 as the gene of interest to explore further as a potential
biomarker of IFF, investigations into expression of this gene in patient tissues were conducted.
The online tool TNMplot, which draws from curated patient data repositories, was used to

compare expression of ACTL8 in two ways:

e Between non-paired normal and tumour breast tissue samples
e Between paired normal and tumour tissues, where breast invasive carcinoma (BIC)

tumour samples were taken with adjacent normal tissue samples

Figure 5.6 shows the expression of ACTL8 in unpaired normal and tumour breast samples. The
sample size for tumours was much higher than that of the normal tissue samples, with 7569
compared to 242 respectively. Nonetheless, the data demonstrate that tumours showed
significantly (p= 1.53 x 1072?) higher relative expression of ACTL8 compared to normal tissue
samples. A similar trend was seen in the paired tumour and normal tissue samples taken from
112 BIC patients (Figure 5.7). ACTL8 expression in the tumour samples was an average of ~290-
fold higher compared to neighbouring, normal tissue and this was highly significant (p = 2.69 x
10%4). These data indicate that tumours express higher levels of ACTL8 compared to normal
tissues. Furthermore, these findings established that expression of ACTL8 could be important in

tumour progression.
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Figure 5.6: ACTL8 expression in unpaired normal and tumour breast tissue samples

ACTL8 gene expression comparison of non-paired tumour and normal breast tissue patient samples using
gene chip array-based data from NCBI GEO (National Center for Biotechnology Information Gene
Expression Omnibus). Boxplot was generated using the online analysis platform TNMplot.com. Analysis
was run by grouping all specimens of the same category and running a Mann-Whitney U test. Red dots
represent expression data from patient breast tumour samples (n = 7569) and green dots represent
expression data from non-paired normal breast tissue samples (n = 242).
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Figure 5.7: ACTL8 expression in paired normal and tumour adjacent tissues in breast invasive
carcinoma patients

ACTL8 gene expression comparison of paired tumour and adjacent normal breast tissue samples from
breast invasive carcinoma (BIC) patients (n = 112) using RNA-seq based data from The Cancer Genome
Atlas (TCGA), Therapeutically Applicable Research to Generate Effective Treatments (TARGET), and The
Genotype-Tissue Expression (GTEx) repositories. Boxplot was generated using the online analysis platform
TNMplot.com. Statistical analysis was performed using a paired Wilcoxon test. Red dots represent
expression data from patient breast tumour samples and green dots represent expression data from non-
paired normal breast tissue samples.
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5.3.4 Evaluation of ACTL8 in relation to hypoxia

In chapter 4 the impact of hypoxia on the expression levels of transcripts associated with
enriched functions identified by the RNA-seq analysis was assessed. Similarly, ACTL8 transcripts
were measured in static and flow spheroids kept in hypoxia for 24h to determine whether an
upregulation of ACTL8 in flow would still occur in hypoxia. The results shown in Figure 5.8
demonstrate that ACTL8 was not significantly different between static and flow spheroids when
they were kept in hypoxia. However, the data represent only n=2 replicates, and both saw an
increase in ACTL8 transcripts in flow compared to static. Further repeats are required to

determine if this pattern is statistically significant.

Next, cBioPortal was used for in silico analysis of the relationship between ACTL8 and established
hypoxia metagenes expression in a patient dataset. The TCGA, PanCancer Atlas Breast Invasive
Carcinoma dataset was used to map ACTL8 mRNA expression in patients against a hypoxia score.
The hypoxia score was drawn from peer-reviewed articles on hypoxia gene expression
signatures, referred to as hypoxia metagenes. Two different hypoxia scores were used to assess
the relationship of ACTL8 expression with hypoxia. The first was the Winter hypoxia score, a
hypoxia metagene signature derived from head and neck cancer (Winter et al., 2007). The
correlation between ACTL8 and the Winter hypoxia score is shown in Figure 5.9 where mRNA
expression of the gene was plotted against the hypoxia metagene score. The R2= 0.14 and was
highly significant (p-value = 4.57 x 10-3%). The next hypoxia score used was the Buffa hypoxia
score (Buffa et al., 2010). Importantly, this hypoxia metagene signature was derived from
multiple cancer types rather than just head and neck cancer. Figure 5.10 shows that ACTL8
expression in patients was again positively correlated with the hypoxia score (R?= 0.23) and this

was highly significant (Pearson p-value = 1.3 x 103).

Taken together, these results demonstrated that ACTL8 expression in patients was positively

correlated with expression of hypoxia metagenes.

140



ns

N

Relative fold change of

ACTLS8 transcript levels

Static Flow

Figure 5.8: ACTL8 expression levels in static and flow spheroids in hypoxia

MCF7 spheroids were formed from 9.0 x 10* cells and kept in either static or flow conditions for 24h at 1%
0,. Total RNA was extracted from x 3 spheroids at the end of experiments and used for gPCR. The
housekeeping gene used was B2M. Data represent the mean of n=2 experiments. Error bars represent
mean +/- SEM. Statistical significance was determined by paired student’s t-tests; ns = not significant.
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Figure 5.9: ACTL8 expression in relation to Winter hypoxia score

ACTL8 expression in patients (n = 994) from the TCGA PanCancer Atlas Breast Invasive Carcinoma study is
plotted on the y-axis against the Winter hypoxia score. The hypoxia score is representative of a hypoxia
metagene signature. The expression data was log2 normalised; Pearson p-value = 4.57 x 1034 R?
represents line of regression correlation value and is equal to 0.14.
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Figure 5.10: ACTL8 expression in relation to Buffa hypoxia score

ACTL8 expression in patients (n = 994) from the TCGA PanCancer Atlas Breast Invasive Carcinoma study is
plotted on the y-axis against the Buffa hypoxia score. The hypoxia score is representative of a hypoxia
metagene signature. The expression data was log2 normalised; Pearson p-value = 1.3 x 1093, R? represents
line of regression correlation value and is equal to 0.23.
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5.3.5 Evaluation of ACTL8 expression levels on breast cancer patient survival

The KMplotter online tool was used next to assess the potential prognostic value of ACTLS8. As
outlined in the introductory portion of this chapter, a prognostic biomarker is one which is useful
for giving an indication of disease progression or the likelihood of a clinical event, regardless of
treatment. In this case, KMplotter was used to assess the likelihood of survival as the “clinical
event” in question. The tool has breast cancer patient datasets derived from both gene chip
array-based data and RNA-seq patient data. Gene chip microarray data was examined first and
the results are outlined below in Table 5.2. In the analysis, patients were split by median and the
analysis was not restricted by subtype or selected sub-cohorts. The samples sizes were indicated
by n"&" and nw Where n"&" corresponds to patients expressing high ACTLS8 levels and niow
corresponds to patients expressing low levels of the gene. The total n can be determined by
adding high and low. This analysis allowed for examination of 3 classifications of survival:
relapse-free survival (RFS), overall survival (OS), and distant metastases-free survival (DMFS).
RFS relates to the likelihood of a primary tumour reappearing post-treatment, usually referred
to as “relapse”. OS relates to survival from time of treatment to death, regardless of whether
the disease reoccurred or not. And finally, DMFS focuses on the probability that a patient will
display distant metastases during progression of the disease. DMFS is particularly useful for
indicating the aggressiveness of a tumour, as more aggressive tumours are more likely to
metastasise. As shown in the summary of results, DMFS was the only type of survival to be
significantly correlated to high ACTL8 expression and had the highest HR value of the 3 survival
outcomes. HR values indicate the prognosis value -- a high ACTL8 transcript level where HR > 1
signifies high expression of the gene is linked to worse patient prognosis. Conversely, HR < 1
indicates that high expression of the gene of interest is linked to a good patient prognosis
(Spruance et al., 2004). The KM plots for this analysis are shown in Figure 5.11. The data depicted
in Figure 5.11 demonstrated that after approximately 200 months the number of cases in RFS,
0S, and DMFS all dropped to < 20 patients, indicating the low number of surviving patients

beyond that time point.

Table 5.2: KMplotter analysis outcomes of mRNA gene chip patient dataset

p-value HR nhigh Niow
Relapse-free 0.18 1.07 2425 2504
survival
Overall survival 0.73 1.03 920 959
DMFS 8.4x10° 1.42 1374 1391

HR: hazard ratio; nMish: number of patients expressing high ACTLS; niow: number of patients expressing low ACTLS;
green: high ACTL8 indicates good prognosis; red: high ACTL8 indicates poor prognosis; grey cells: significant p-
value (p < 0.05). The median was used to split patient cohorts into high and low groups.
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Figure 5.11: KMplots produced from gene chip microarray breast cancer patient data analysis

KMplotter was used to analyse expression levels of ACTL8 in gene chip array-based patient data and correlate it to 3 survival outcomes: relapse-free survival (RFS) n = 4929 (A);
overall survival (OS) n = 1879 (B), and distant metastases-free survival (DMFS) n =2765 (C). Patients were split by median and no other patient selection thresholds were applied. HR
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= hazard ratio where HR > 1 correlates to poor patient prognosis with high expression of ACTL8 and HR < 1 correlates to good patient prognosis with high ACTL8 expression.
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Next, breast cancer patient RNA-seq data was used for KMplotter analysis and in this case, the
analysis only permitted overall surivival outcomes to be measured. However, the analysis was
performed a total of 4 times to examine each breast cancer subtype cohort individually. The
summary of these findings is shown in Table 5.3 below. Luminal A breast cancer patients were
the only cohort to see both a positive HR value and a significant p-value (p = 0.033). The KMplot
associated with the luminal A subtype analysis is also shown in Figure 5.12. The nM&" cohort in
this analysis consisted of 37 patients whereas the njow cohort was nearly 40 times as large with
1467 patients. This demonstrated the low proportion of patients with the luminal A subtype and
a high expression of ACTL8. Despite this, the high ACTL8-expressing cohort of Luminal A patients

saw a hazard ratio correlated to poor overall survival outcomes.

Table 5.3: KMplotter analysis outcomes of mMRNA-seq patient dataset in breast cancer subtype
cohorts

p-value HR nhigh Niow
Basal 0.49 0.67 19 290
Luminal A 0.033 2.39 37 1467
Luminal B 0.99 1.01 25 643
HER2 type 0.13 0 13 282

HR: hazard ratio; n"ieh: number of patients expressing high ACTLS; niow: number of patients expressing low ACTLS;
green: high ACTL8 indicates good prognosis; red: high ACTL8 indicates poor prognosis; grey cells: significant p-
value (p < 0.05).

146



ACTLS8

o |
—
«© | o
S - H—H
> ©
= o |
@]
M
3 <
A o
N E .
xpression
o |BXP - HR = 2.39 (1.05 - 5.44)
o |- high logrank P = 0.033
o | [ | | |
0 20 40 60 80
Time (months)
Number at risk
low 1467 1445 1160 584 40
high 37 36 30 15 0

Figure 5.12: Overall survival in luminal A breast cancer patients with high expression of ACTL8

KMplotter was used to analyse expression levels of ACTL8 in RNA-seq-based patient data and correlate it
to overall survival in breast cancer subtypes. Above, the correlation between high ACTL8 expression in
luminal A type breast cancer patients and overall survival is shown. Patients were split by median and no
patient selection thresholds were applied other than subtype = luminal A. HR = hazard ratio where HR >
1 correlates to poor patient prognosis with high expression of ACTL8 and HR < 1 correlates to good patient
prognosis with high ACTL8 expression. n = 1504.
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5.3.6 ROC analysis of ACTLS8 as a predictive biomarker

The next analysis used to assess ACTLS8 as a potential biomarker of IFF in cancer was ROCplotter.
This is a tool for measuring whether a biomarker is predictive, meaning it correlates to patient
responses to therapy which in this case was chemotherapy for the treatment of breast cancer.
For the analysis “any chemotherapy” was selected for the analysis. No other filters were applied.
This analysed RFS at 5 years for breast cancer patients who had received any type of
chemotherapy. The result of the analysis is shown in Figure 5.13.. The key measure computed
by the ROC plot is area under the curve or AUC. This is a measure of the prognostic power of the
gene of interest. The AUC computed was 0.633 and this was highly significant with a p-value of
8.2 x 108, Additionally, Mann-Whitney testing on responder vs. non-responder expression levels
yielded a p-value of 5.6 x 107 and an average 2.4-fold increased level of ACTL8 expression in
non-responder patients. According to ROCplotter, the range of 0.6 — 0.7 AUC is indicative of a
“cancer biomarker with potential clinical utility” which is the category that the computed AUC

value for ACTL8 aligned with.

5.3.7 Pan cancer analysis of ACTL8 patient expression levels

The final analysis used to examine the viability of ACTL8 as a biomarker of IFF was a pan-cancer
analysis of ACTL8 expression in patients with various forms of cancer. OS and RFS were assessed
using KMplotter. A hazard ratio greater than 1 linked ACTL8 expression to either poor OS or RFS
in 15 types of cancer. Of those 15, 3 cancers (breast cancer, kidney renal papillary cell carcinoma,
and uterine corpus endometrial carcinoma) had HR’s greater than 1 for both OS and RFS and
were statistically significantly related to the expression of ACTL8. The results of the pan-cancer

analysis are summarised in Table 5.4.
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Figure 5.13 Receiver operating characteristic (ROC) plot for ACTL8

ROC plotter was used to analyse breast cancer patient ACTL8 gene expression and responsiveness to any kind of chemotherapeutic treatment to determine predictive biomarker
potential. On the left, patient responder and non-responder cohorts and their ACTL8 gene expression levels are shown with ACTLS8 relative expression mapped on the y-axis. Total
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Table 5.4 Summary of pan-cancer analysis of ACTL8 patient expression levels

Overall survival (OS) Relapse-free survival (RFS)

Cancer type p-value HR nhieh  ngy | p-value HR nhigh Niow
Bladder carcinoma 0.33 1.16 166 238 091 0.96 79 108
Breast cancer 6.1x103 1.57 509 580 | 0.032 1.6 446 501
Cervical squamous cell 0.21 1.36 146 158 | 0.58 1.24 79 95
carcinoma

Oesophageal 0.97 1.01 40 40 0.35 0.35 9 10
adenocarcinoma

Oesophageal squamous cell 0.29 0.65 38 43 0.8 1.13 27 27
carcinoma

Head-neck squamous cell 0.014 1.4 235 264 0.23 0.61 49 75
carcinoma

Kidney renal clear «cell 7.5x10% 2.27 134 396 @ 0.67 0.72 22 95
carcinoma

Kidney renal papillary cell 1.6x10* 3.02 87 200 | 3.7x10* 3.93 44 139
carcinoma

Liver hepatocellular 0.0072 1.6 148 222 0.89 0.98 126 190
carcinoma

Lung adenocarcinoma 0.22 1.21 157 347 | 0.69 0.91 88 212
Lung squamous cell 0.18 0.83 236 259 | 0.33 0.78 143 157
carcinoma

Ovarian cancer 0.96 0.99 185 188 | 0.061 0.72 86 91
Pancreatic ductal 0.54 0.85 40 137 | 0.41 0.66 17 52

adenocarcinoma

Pheochromocytoma and 0.51 0.49 56 122 | 0.03 8.45 50 109
paraganglioma
Rectum adenocarcinoma 0.35 0.69 82 83 0.86 0.87 23 24
Sarcoma 0.2 132 82 177 | 0.52 1.19 48 104
Stomach adenocarcinoma 0.45 1.13 179 192 | 0.37 1.34 101 114
Testicular germ cell tumour 0.071 0-Inf 65 69 0.45 1.34 49 56
Thymoma 0.33 0.51 55 63 Sample number too low for meaningful
analysis
Thyroid carcinoma 0.52 0-Inf 19 483 | 0.13 2.87 12 341
Uterine corpus endometrial 4.3x10> 2.42 261 281 | 0.0012 2.44 199 223
carcinoma

HR: hazard ratio; nMeh: number of patients expressing high ACTLS; niow: number of patients expressing low ACTLS;
green: high ACTL8 indicates good prognosis; red: high ACTL8 indicates poor prognosis; grey cells: significant p-
value (p < 0.05).
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5.4 Discussion

The aim of this chapter was to identify potential biomarkers of IFF in cancer and to assess the
potential clinical relevance of any identified candidates. 4 candidate genes were identified from
the RNA-seq results using a set of criteria intended to aid in selecting a good biomarker. Of those
4 genes, only one was deemed a viable candidate when analysed further by qPCR at both 24h
and 72h. The candidate gene, ACTLS8, was then evaluated for potential clinical relevance using

online database tools and was found to be:

e expressed more highly in breast tumour samples than in normal tissues.

e notably upregulated in flow vs static samples in hypoxia although this was not
statistically significant.

e positively correlated to expression of hypoxia metagenes.

e a potential prognostic biomarker of breast cancer DMFS and OS of luminal A breast
cancer patients.

e a potential predictive biomarker of RFS at 5 years post chemotherapy treatment in

breast cancer patients.

5.4.1 ACTL8 was identified as a gene of interest for a potential biomarker of IFF

gPCR analysis was used to assess transcript levels of 4 “genes of interest” that were identified
from the RNA-seq results as potential biomarker candidates. These represented candidate genes
that were altered as a result of the IFF environment on-chip. Only ACTL8 had significantly
different expression in flow vs static samples, so it was chosen as the best candidate to continue
exploring for potential clinical relevance. However, these results don’t necessarily indicate that
the other 3 candidates should be ignored. Due to the high variation between replicates in these
experiments it would be beneficial to conduct repeats to better identify patterns of expression

in more powerful sample sizes.

Additionally, the mechanism of detection in gPCR is via cycle threshold of signal detection, and
given that the levels of mMRNA for transcripts such as ABCA8 were so low in the RNA-seq flow
samples that no read counts were detected, it is possible that gPCR was not sensitive enough to

detect such low expression levels.

ACTL8 transcripts were also compared in static vs flow spheroids kept in hypoxia to assess
whether hypoxia would regulate the change in ACTL8 identified in flow. Hypoxia is also especially
relevant in the clinical context of breast tumours as breast carcinomas are commonly hypoxic

(Williams et al., 2001). The results showed no significant difference between static and flow
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conditions, but an observed trend of increase was noted in flow replicates. Online database
analysis in cBioPortal found expression of ACTL8 was positively correlated with hypoxia
metagene expression. Therefore, in hypoxic conditions hypoxia metagenes upstream of ACTL8

may have had an effect on transcript levels, but this needs to be investigated further.

ACTL8 was also found to be expressed more in tumour tissues than normal tissues using
TNMplot to compare gene expression levels in breast cancer patient datasets. In fact, it was
more highly expressed in tumour samples in unpaired sets of tumour and normal tissues as well
as paired samples taken from breast tumours and adjacent normal tissues. These results
suggested that ACTL8 was worth exploring further as a potential biomarker of IFF in cancer

which could have clinical relevance.

5.4.2 ACTL8 demonstrated potential as both a prognostic and predictive biomarker

In silico analyses using the online tool KMplotter revealed ACTL8 to be a prognostic indicator of
DMFS in all breast cancer patient types and of OS for luminal A type patients. These results were
particularly interesting, firstly for the fact that DMFS is linked to tumour aggressiveness. The
findings suggested that increased expression of ACTL8 in breast cancer patients could be linked
to the occurrence of distant metastases and thus poor prognosis. This is important given that
metastasis is responsible for the majority of cancer deaths, so knowing more about gene
expression profiles linked to poor DMFS outcomes could aid clinicians in anticipating patient
prognoses. Secondly, luminal A breast cancer (which is ER+/PR-/HER2-) tends to grow more
slowly than other cancers and tends to have a good prognosis. This is largely due to
advancements in treatments which are able to capitalise on the ER+ hormone receptor
expression status for hormonal therapies. Luminal A breast cancers are also thought to be less
proliferative than other breast cancer subtypes, which contrasts with finding that DMFS
(aggressive, metastatic cancer) was linked to ACTL8 expression. These findings would benefit
from further exploration, perhaps by using more of the patient cohort filters available to

elucidate the relationship between ACTL8 expression and patient outcomes.

The predictive biomarker capacity of ACTL8 was also assessed using ROCplot. This analysis
generated an AUC value 0f 0.63 which is widely accepted as good strength for predictive capacity
(Fekete & Gyorffy, 2019). ACTL8 expression was also shown to be an average of 2.4-fold higher
in breast cancer patients who were classed as non-responders (RFS < 5 years) relative to
responders (RFS > 5 years) and this was statistically significant. These results serve as compelling

evidence to continue to investigate ACTL8 as a biomarker of IFF in cancer.
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5.4.3 Potential for investigations in other cancer types

Pan cancer analysis using KMplotter revealed that there are other tumour types where ACTL8
expression was linked to poor prognosis. These included head neck squamous cell carcinoma,
kidney renal clear cell carcinoma, kidney renal papillary cell carcinoma, liver hepatocellular
carcinoma, and uterine corpus endometrial cancer. The results of the pan-cancer analysis are
summarised in Table 5.4. The tumour types identified by this analysis could serve as interesting

cancers to investigate the findings presented in this chapter further.

5.5 Chapter conclusion

ACTL8 was identified as a possible candidate for marking increased ISF flow by passing the series
of screenings the gene candidates went through. These included meeting selection criteria from
the RNA-seq DEG list, validation of expression levels in static and flow spheroids by qPCR, and
evaluation of clinical relevance using publicly available patient datasets. Results from in silico
analyses were especially compelling for the potential value of ACTL8 as both a prognostic and
predictive biomarker. More work is needed to further elucidate the mechanisms by which ACTL8

is linked to the identified patient outcomes.
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Chapter 6 General Discussion
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6.1 Summary of work presented in previous chapters

After long being overlooked for interest in fluids like blood and lymph, interstitial fluid has
started to gain recognition as a key contributor in tumour pathology. Despite this, the
mechanisms by which interstitial fluid in the TME contributes to tumour progression are still
poorly understood. Where studies have started to examine the relationship more closely,
models have been used which don’t fully replicate the environment. Whilst acknowledging that
a “perfect” model may not be possible to make, we sought to develop a microfluidic spheroid
on-chip model which could help to characterise the impacts of interstitial flow on the TME and
more specifically, on the biology of cells in the TME. Therefore, the objective of this thesis was
to provide a better understanding of the role interstitial flow might have in tumour progression.
Thus, each of the chapters focused on accomplishing an aspect of this goal. In chapter 3, a
spheroid-on-chip microfluidic system was refined from a previous design to replicate interstitial
flow in a reliable and reproducible manner, creating a framework for the study of spheroids in
the interstitial flow environment. In chapter 4, the flow cell 2 system designed in chapter 3 was
used to investigate the effects of interstitial flow on cancer cell biology in the TME. Finally, in
chapter 5, a potential biomarker of interstitial flow was identified and evaluated for its clinical

relevance.

6.1.1 Replicating interstitial flow in vitro using the flow cell 2 system

The velocity of interstitial fluid in vivo is generally accepted as being in the range of 1 x 10*— 10
mm s (Wiig & Swartz, 2012; Wagner & Wiig, 2015) The velocity for the flow rate used in our
system was approximately ~0.05 mm s, but this was varied throughout the different
components of the system (channels, microwell, tubing) (refer to section 3.2.2). Overall, these
were in keeping within the ranges of reported IFF in vivo and lower than velocities recorded in
the vascular system, often used for studies with endothelial cells in flow (Liu et al., 2015). Our
system modelled fluid flow by using a syringe pump to continuously perfuse media over
spheroids in the system. Media travelled through a single channel to a spheroid microwell and
out through a continuation of the single channel where it could then be collected. The use of
continuously perfused media in microfluidic systems and even in cell culture systems is not novel.
Additionally, the use of spheroids in microfluidic devices has been used in many applications.
However, we identified a gap where continuous flow and 3D spheroids had not been unified
extensively to understand how interstitial flow impacts cancer cells. More specifically,
transcriptome-wide analyses had not been conducted in cancer cells exposed to IFF to the best

of our knowledge.

Studies that have focused on interstitial flow impact on cancer cells have largely been conducted

using single cell suspensions in 3D environments. For example, suspending cells in hydrogels (i.e.
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Matrigel, collagen, fibronectin) is considered a form of 3D cell culture because cells are not in
monolayers and while these methods are an improvement on 2D cells in monolayers on plastic,
they still fail to put cells in 3D formations more closely representative of interactions in vivo.
Indeed, most studies using 3D single cell suspension techniques reported upregulation of EMT
or increases in invasion as a result of fluid flow (Shieh et al., 2011; Shah et al., 2015; Tchafa et
al., 2015). One study conducted by Rizvi and colleagues did use 3D aggregates (ovarian cancer
nodules) in flow and also reported flow induced EMT compared to non-flow (Rizvi et al., 2013).
Importantly, the non-flow condition used was a suspension of single cells in 3D matrices.
Therefore, comparisons were drawn between 3D single cell suspensions in a static environment

and 3D aggregates in flow, rather than 3D aggregates in static (non-flow) and flow conditions.

In contrast, the findings reported in this project did not see the same effect. To our knowledge,
one of the only other reports coinciding with our findings is from work reported by Azimi and
colleagues (Azimi et al., 2020). Their group used 3D “tumouroids” in which cells were aggregated
into compact masses. They induced fluid flow and pressure in a microfluidic system and
measured the effects on cells in the tumouroids. Importantly, they did not see overall increases
in EMT markers either. In fact, they reported decreased expression of vimentin in MDA-MB-231
tumouroids grown in the flow and pressure environment as well as no increase in snail
compared to static. Notably, they did observe a significant increase in MTI1-MMP transcript,
which contrasts with our results. However, some key differences in their experimental design
such as the use of collagen rather than Matrigel and the induction of pressure may have been
the reason. Regardless, the summary findings of our results and their study warrant further

investigation into the impacts of flow on cell biology.

Our study specifically used 3D spheroids in Matrigel in an attempt to better reproduce the 3D
nature of the TME in an in vitro model. Given that our findings aligned closely with those of Azimi
and colleagues and their use of 3D tumouroids, these results may suggest that 3D interactions
are an important regulator in the response of cells to interstitial flow. This would not be
dissimilar to other reports citing 3D spheroids as being more resistant to chemotherapeutic
agents (Chambers et al., 2014). There is ample evidence of cancer cells being less sensitive to
drugs when formed as 3D spheroids than when they are grown in 2D (Imamura et al., 2015;
Nunes et al., 2019b). Therefore, it may be the case that 3D aggregation is similarly influential in

cellular responses to interstitial flow.

Another feature of our model is that it is low throughput. In many cases, where continuous
perfusion has been incorporated into the experimental design of studies it was for the utility of

high throughput needs (Lanz et al., 2017; Eilenberger et al., 2021). Whereas other studies have
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built continuous perfusion in as a design feature for producing high throughput outputs, we
sought to identify the effects that flow itself could be having. This necessitated the use of a
simplistic, lower-throughput model to insulate the effects of flow from other extraneous factors
for flow impacts to be measured. High throughput approaches are useful for running numerous
concurrent tests at a time, but our model provided other advantages such as clear imaging of
spheroids in IFF, direct comparisons between static and flow conditions, and ability to collect

cellular materials such as RNA and protein that could be used for downstream analyses.

Another notable implication of replicating interstitial flow in vitro is the possibility of its use in
reducing the need for animal models. The UK’s National Centre for Replacement, Refinement,
and Reduction of Animals in Research (NC3Rs) is one of the leading organisations globally
working to develop alternative technologies and platforms, such as microfluidics, to replace
animal models. The limited predictability of animal model outcomes is increasingly recognised,
highlighting the need for alternative methods of research (Dehne et al., 2017; Meijer et al., 2017).
Whilst our system does not represent a method of fully replicating human physiology or even
that of an animal, it could serve a purpose in answering specific questions about the TME and
flow that would require testing in animals. Alternatively, there is the potential for the use of
patient-derived spheroids to be cultured in the flow cell 2 system which would also bypass the

need for the use of animal models.

The use of patient-derived materials would introduce a variety of investigative opportunities for
the flow cell 2 system, for example determining personalised responses of patient tumours to
IFF to better direct drug delivery to a patient’s tumour. Indeed, similar approaches have already
been undertaken for investigations in lung cancer and glioblastoma multiforme responses to
treatment for designing patient therapeutics. Akay and colleagues recently developed a brain
cancer chip for the purpose of assessing tumour cell drug response before drug treatments were
administered to patients, with the goal of optimising chemotherapeutic cocktails (2018).
Another study used a perfused microfluidic platform to culture non-small cell lung
adenocarcinoma spheroids derived from patient samples as a chemosensitivity assay (Ruppen
et al., 2014; Ruppen et al., 2015). Models such as these demonstrate the potential utility of flow

on-chip systems for clinical purposes.

6.1.2 Impacts of interstitial flow on cancer cell biology

Interstitial fluid is present in normal tissues and is recognised for its role in replenishing tissue
nutrients and oxygen, as well as removing waste and metabolites. In tumours, abnormal, leaky
vasculature paired with altered tissue structures result in poor drainage and thus an increase in

the amount of interstitial fluid present (Munson & Shieh, 2014). The role of increased interstitial
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fluid present in the TME and the fluid flow associated with it is poorly understood, especially

regarding the impacts flow may have on cancer progression.

As described in the previous section, some studies have started to investigate the relationship
between flow and cancer cells and reported correlations between fluid flow and EMT, invasion,
and overall metastatic potential. However, we did not observe such changes using our flow cell
2 system with 3D spheroids exposed to flow for up to 72h. We therefore decided to take use a
broader approach to examine potential changes being caused by flow, opting to analyse the
whole transcriptomes of spheroids exposed to either static or flow conditions using RNA-seq.
This analysis found significant differential expression of genes between the static and flow
conditions. Pathway enrichment analyses of the resulting dataset highlighted cell cycle, DNA
replication/repair, and DNA damage response pathways as signalling pathways that were
transcriptionally upregulated in flow (Chapter 4). Increase in transcripts associated with DNA
replication and repair were confirmed by qPCR analysis and showed similar trends at a longer
timepoint of 72h. Analysis of protein expression levels were not significantly conclusive as to
whether flow was impacting protein expression, however, notable trends of change were
observed. For example, HIF-1o appeared to be downregulated in flow and a downstream target
of HIF, HK2, appeared to be downregulated as well. It is possible that longer duration
experiments conducted in flow would allow transcriptional changes detected at the timepoints
used here to be detected as protein expression changes. Additionally, while some studies have
started to examine not only transcriptional or protein expression changes caused by flow but
also phenotypic changes, there is still limited understanding of this (Piotrowski-Daspit et al.,

2016).

The studies cited previously where 3D single cell cultures were used with flow exposure reported
increases in invasion of cells in flow as a phenotypic change (Shieh et al., 2011; Shah et al., 2015;
Tchafa et al., 2015). However, as noted before, the 3D spheroid structures may be a key to how
cells respond to flow. Thus, experiments examining phenotypic changes in spheroids exposed to
flow could help bridge the gap in understanding the scope of interstitial flow impact in the TME.
Piotrowski-Daspit and colleagues did examine an EMT invasive phenotype and reported
increases in collective invasion using an engineered 3D model of breast tumours exposed to
what they described as IF pressure induced flow (Piotrowski-Daspit et al., 2016). However, their
study did not cite the use of continuous perfusion or flow anywhere. Rather, pressure was
produced in a microfluidic system, resulting in fluid flow. In this context, there was more focus
on pressure and importantly, there was not continuous replenishment of media as there is with
a perfusion system. These findings combined with those of Azimi and colleagues suggest that

pressure and flow may result in different changes to cancer cells. Incorporating the findings from
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the work presented in this thesis, these principles of flow and pressure induced changes can
direct future investigations into untangling the specific impacts each has. Our system was not
designed to measure or investigate flow but this could serve as an important area of interest for

future work.

Phenotypes associated with increases in DNA replication and repair and cell cycle would be
particularly interesting to examine further, given the enrichment of these pathways identified
in the RNA-seq dataset. Cell cycle genes are often upregulated in both highly proliferative cancer
cells and those under high replication stress (processes which often occur concurrently and thus
see signalling pathway overlaps). Studies have identified that such a signature of gene
expression - capturing both replication stress and proliferation — predicted response to ATR
(ataxia telangiectasia mutated and Rad3-related) inhibitors with high accuracy (Cuzick et al.,
2011; Lundberg et al., 2017; Jo et al., 2021). IFF appears to potentially induce a similar signature
of expression, so exploring ATR inhibitor response phenotypes could be a valuable insight into
better understanding how IFF impacts tumour cells. This type of future work would also coincide
with further exploration of the pathway analysis conducted with IPA on the RNA-seq dataset
which predicted activation of the DNA damage response pathway in flow. ATRs are kinases
involved in DNA damage repair and ATR inhibitor drugs inhibit the growth of tumour cells by
limiting their ability to repair damaged DNA. Given that IFF appears to induce activation of the
DNA damage response pathway and subsequently sees predicted activation of ATR, studies
examining whether IFF bolsters the ability of cancer cell spheroids to survive ATR inhibitor
treatment would be extremely insightful. Understanding whether IFF effectively induces ATR
inhibitor drug resistance could yield further insights on how IFF in tumours in vivo may
contribute to the therapeutic resistant qualities already associated with interstitial fluid pressure

(Ferretti et al., 2009).

Lastly, even though our system is not a high throughput design as usually used for drug toxicity
screening studies, could use chemotherapeutics. They are also inducers of DNA damage and
given that flow upregulated repair, it might be interesting to see if they are more resistant to

effects of the drugs in flow.

6.1.3 ACTL8 as a potential biomarker of IFF

The role of ACTL8 as a potential biomarker of IFF in cancer was explored using a series of in silico
analysis tools. A separate study on head and neck squamous cell carcinoma (HNSCC) previously
identified ACTL8 as a prognostic indicator for HNSCC (Li et al., 2019). Indeed, this evidence
contributed to our selection of ACTL8 as a candidate biomarker. Combining this with the findings

of ACTL8 pan-cancer atlas suggests that ACTL8 may have a wider scope than breast cancer.

159



Investigating IFF effects using other cell lines and tumour types would benefit our understanding

of ACTL8’s relationship with IFF specifically.

6.1.4 Caveats and limitations of this study

The TME is highly complex and notoriously difficult to replicate. However, in trying to
incorporate too many components of the TME in a model at once there can be a risk of
introducing too many variables to decisively draw conclusions of causation or even correlation.
In theory, what our model may lack in complexity it compensates for in the simplistic and clear
lens it provides for examining IFF effects. However, we acknowledge that the model does not
reproduce all components of the TME so future work could incorporate the use of other cell

types, alternative hydrogels, and more to build more TME in vitro architecture into the system.

Another caveat of the work presented here is that the order of cancer progression events early
on is not well defined enough to give significant context to the findings presented here. That is,
does ISF cause cancer progression, or is increased IFF caused by the formation of a tumour?
Perhaps there is not a definitive answer at all. It may be a feedback loop where, as a tumour
grows, over time the ECM will be deformed and become increasing dysregulated, causing
changes to the fluid dynamics in the environment. The fluid dynamic changes could then
contribute to progression of the tumour, and so on. A feedback system like this would not be
new in cancer pathology; hypoxia and the induction of angiogenesis function in a similar manner

(Henze & Acker, 2010; Muz et al., 2015).

We also acknowledge that we didn’t assess other biomechanical cues such as pressure, only fluid
flow. We could have focused more on shear stresses as well; however, at such a low flow velocity

it was not our main focus and this could be incorporated into future work instead.

Finally, static spheroids kept in the different incubator environments were compared and saw a
significant decrease in relative expression of VEGFA transcript in the spheroids kept in the flow
incubator compared to the regular incubator (appendix 3). This was concerning as it indicated
that just by introducing a change in incubator environment a significant difference in transcript
expression could be induced in the spheroids. However, when flow spheroid transcripts were
compared to transcripts of static spheroids kept in the flow incubator (simultaneously in the
period that the flow spheroids were), there was a significant downregulation of VEGFA in flow.
In fact, in the standard experimental setup where flow was compared to static spheroids kept
in a cell culture incubator, the downregulated effect was most significant. We acknowledge that
the effect of different incubators was shown to be significant in static spheroids and that this
must be taken into account when considering other results produced using this system. However,

given that the effect was replicated and even enhanced when comparing flow to static in
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standard incubators, the results suggest that IFF did induce changes at transcript level that were

significant and worth exploring further.

6.2 Future directions
The results reported in this project have demonstrated that interstitial fluid flow modifies the
biology of cells a in 3D TME chip model. These findings have laid the foundation for a number of

other future directions to be pursued with this work.

6.2.1 Co-culture spheroids

Tumours are comprised of heterogeneous populations of cells in vivo. It would be useful to
generate heterogeneous co-culture spheroids incorporating cell types known to be found
tumours. Examples could include fibroblasts, stromal cells, and immune cells. Studies have
recognised the impact of heterogeneity on the biology of spheroids in the past, but few have
used these spheroids in interstitial flow models. With a newfound understanding of the impacts
of flow on the biology of cancer cells gained from this project, it would be interesting to

investigate the impacts of incorporation of other cell types in the system as well.

The system presented here could also be used to house patient-derived spheroids. Work such
as this would be valuable for further understanding of the potential clinical relevance of these

findings.

6.2.2 Other tumour types and cell lines

Our study focused on breast cancer, mainly with the use of MCF7 cells. These represent only a
small subset of the types of breast cancer that exist. For future work there is the opportunity to
form spheroids from other breast cancer cell lines and investigate whether the transcriptomic

changes presented in this project are also observed in different types of breast cancers.

Furthermore, results of pan-cancer analyses conducted in the online KMplotter tool also
revealed that increased ACTL8 expression was strongly correlated with poor patient survival
outcomes in some other tumour types. These included: head-neck squamous cell carcinoma (HR
= 1.4; p-value = 0.014), kidney renal clear cell carcinoma (HR = 2.27; p-value = 7.5 x 10°®), kidney
renal papillary cell carcinoma (HR = 3.02; p-value = 1.6 x 10°%), liver hepatocellular carcinoma (HR
=1.6; p-value = 0.007), and uterine corpus endometrial carcinoma (HR = 2.42; p-value = 4.3 x 10
%) for overall survival outcomes (Table 5.4). These represent viable candidates for other tumour

types that could be used for further investigations into impacts of interstitial flow, and also
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candidates to confirm whether ACTLS8 transcripts and/or protein expression are upregulated by

flow.

6.2.3 Experimental conditions

We conducted experiments in flow up to a timepoint of 72h and even as early as 24h significant
transcriptomic changes were identified. Protein expression experiments did not yield significant
results but in some cases, trends were evident which may have been biologically significant, if
not statistically. It is possible that changes seen at transcript level require more time to be
detected as changes translated to protein expression. More so, some of the low-level FC’s that
were observed for some transcripts examined may be more significantly produced at longer

timepoints.

This work has also identified the importance of hypoxia as a physiology that needs to be
incorporated into future experimental designs. As described previously, the results of static vs
flow experiments conducted in hypoxia were not conclusive and would benefit from larger
sample sizes. Therefore, continuing work with the flow cell 2 chip is being conducted in hypoxia

to further elucidate the relationship between hypoxia and IFF.

6.2.4 Phenotypic investigations

Investigations into phenotypes that could be linked to IFF were described in section 6.1.2,
including the use of ATR inhibitors and other DNA damage inducing agents, such as
chemotherapeutics. Recovery from radiation treatment would also be a valuable future
direction to pursue to assess whether IFF can aid in radio-resistance. Findings such as these
would be clinically relevant for determining treatment options in tumours known to have

significantly altered IFF.

6.2.5 Hypoxia, IFF, and associated gene expression

The results of the static vs flow experiments conducted in hypoxia were inconclusive as to
whether DNA damage response and upregulation of repair/replication genes was a result of flow
or perhaps something else like ROS, involved in HIF signalling pathways. To that end, It would
be useful to try harvesting spheroids after exposure to flow and disassociating them to use for

FACS analysis, which could help identify ROS levels.

Analysis of ACTL8 expression against hypoxia metagene scores also revealed that ACTL8
expression was positively correlated with hypoxia gene signatures. This was preliminary, in silico

work but warrants further investigation.
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6.2.6 RNA-seq dataset

As mentioned before, the results produced by RNA-seq analysis of MCF7 static and flow spheroid
transcriptomes yielded a high volume of differentially expressed genes and we did not assess all
of them extensively. We restricted our focus to protein-coding genes, but there is much more

to be explored in the dataset such as differential expression of microRNAs.

6.2.7 Microfluidic device advancements

The flow cell 2 system developed and used in this work served as a useful tool for investigating
IFF effects on spheroids. However, as discussed in previous sections it did not address the impact
of pressure in the TME or even in the system itself. There are preliminary investigations into the
role of pressure in the TME in the literature and our device could be well poised to also examine
this area of unmet need (Lunt et al., 2008; Azimi et al., 2020). Therefore, a helpful next step in
this work would be to characterise the pressure gradients in the flow cell 2 system, perhaps with
the use of computer-based modelling. There are also microfluidic tools such as valves which
could be used for controlling pressure in the system through the tubing and these were not

explored in the reported work.

6.3 Conclusions

Using a spheroid on-chip microfluidic system refined for the purposes of housing cancer
spheroids in a continuous flow environment, a novel set of transcriptomic changes occurring in
cancer spheroids exposed to interstitial-like flow were identified. These transcriptomic changes
and patterns of differential regulation as a result of flow are the first we know of in cancer cell
spheroids. A candidate gene, ACTL8, was also identified which could potentially serve as a
biomarker of interstitial flow, marking the early changes associated with this physiology in a TME.
The predictive and prognostic value of ACTL8 was shown to be strong in breast cancer, and
preliminary pan-cancer analyses identified candidates for other tumour types to explore ACTL8
expression further. These findings could benefit patient outcomes in the future if ACTL8
expression is capable of indicating early changes in the TME associated with IFF and ultimately,
poor prognoses. Information like this could arm clinicians and patients with prognostic and
predictive insights about their disease earlier on. The flow cell 2 system we have developed and
the initial findings on the impacts of interstitial flow on cancer cell biology we have presented
are the foundation for future work to better our understanding of the role of interstitial fluid in

cancer progression.
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Appendix 1

Classification of Raw Reads (Static_1)

| Clean Reads (22982044, 96.80%)
Containing N (373, 0.00%)

~ Low Quality (0, 0.00%)

|| Adapter Related (760451, 3.20%)

Appendix figure 1: Classification of raw reads in static “1” RNA-seq sample
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Classification of Raw Reads (Static_2)

| Clean Reads (22019321, 97.55%)
Containing N (341, 0.00%)

~ Low Quality (0, 0.00%)

. Adapter Related (551820, 2.44%)

Appendix figure 2: Classification of raw reads in static “2” RNA-seq sample
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Classification of Raw Reads (Static_3)

| Clean Reads (19649366, 97.38%)
Containing N (313, 0.00%)

~ Low Quality (0, 0.00%)

. Adapter Related (528268, 2.62%)

Appendix figure 3: Classification of raw reads in static “3” RNA-seq sample
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Classification of Raw Reads (Flow_1)

| Clean Reads (22229012, 97.20%)
Containing N (0, 0.00%)

~ Low Quality (0, 0.00%)

. Adapter Related (639215, 2.80%)

Appendix figure 4: Classification of raw reads in flow “1” RNA-seq sample
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Classification of Raw Reads (Flow_2)

| Clean Reads (24049186, 97.37%)
Containing N (0, 0.00%)

~ Low Quality (0, 0.00%)

. Adapter Related (650508, 2.63%)

Appendix figure 5: Classification of raw reads in flow “2” RNA-seq sample
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Classification of Raw Reads (Flow_3)

| Clean Reads (22333767, 97.28%)
Containing N (0, 0.00%)

~ Low Quality (0, 0.00%)

. Adapter Related (623854, 2.72%)

Appendix figure 6: Classification of raw reads in flow “3” RNA-seq sample
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Appendix 2

XY: RIA data (nonlin. reg.)
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Appendix figure 7: VEGF ELISA standard curve

A standard curve was produced for VEGF, using kit procedures, to determine the levels of absorbance for
VEGF present at different concentrations. The straight portion of the sigmoidal curve was used to
determine the unknown concentration of VEGF present in effluent samples.
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Appendix 3
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Appendix figure 9: HIF1-o. Western blot original images for figure 4.19

MCF7 cells were seeded in a ULA plate with 9.0 x 10* cells per well. Spheroids were formed for 96h and
kept in static (S) or flow (F) conditions for 24h and 72h. MCF7 cells were seeded in 6mm plastic dishes and
allowed to adhere for 24h before either being transferred to a hypoxia chamber (1% O3) or remaining in
a cell culture incubator (20% O,). Adherent cells (2D) were kept in these conditions for either 1h or 24h.
2D and 3D cell lysates were harvested at the end of experiments and protein was extracted, prepared,
and run through an SDS-PAGE gel. 30 ug of protein was loaded per well. Then, Western blotting was used
to visualise HIF-1a expression, with - actin used as a loading control. Blots are representative of n=3
experiments.
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Appendix figure 8: VEGFA transcript levels in static spheroids in different incubators

MCF7 spheroids were formed from 9.0 x 104 cells seeded in a ULA plate and allowed to form for 96h.
Spheroids were kept in a ULA plate, with Matrigel added to reflect standard static v. flow experiments.
One plate was placed in the external “flow” incubator and the other kept in the standard cell culture
incubator. Spheroids were kept in these conditions for 72h. Total RNA was extracted and used for gPCR
analysis, with B2M as the housekeeping gene. Data represent the mean of n=3 experiments. Error bars
represent mean B SEM. Statistical significance was determined by paired student’s t-tests; *p <0.05.
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