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Abstract

Mechanotransduction defines the functional activity of cells by altering gene
expression in accordance with cellular structure. With this in mind, a novelin
vitro model has been developed where cells are ‘primed’ to a three-dimensional (3D)
phenotype through growth on a biologically inert 3D substrate before liberation and
reseeding into a secondary culture. To characterise this protocol, the structural and
functional effects of 3D priming were evaluated on the HepG2 hepatocellular
carcinoma cell line, frequently used for in vitro liver research on drug discovery and

pathology.

It was found that through using a 3D priming model, cells adopted a mechanical and
functional memory based on the historical physical microenvironment. HepG2 cells
primed in 3D demonstrated altered cytoskeletal organisation and cell morphology
after reseeding, with cell populations more readily forming 3D structures compared
to cells reseeded from conventional two-dimensional (2D) substrates. Global gene
expression was significantly altered in the priming model, with enrichment of
mechanical and structural genes occurring in 2D HepG2 cells compared to
enrichment in key genes involved in hepatic metabolism and biosynthesis in the 3D
primed HepG2 cells. 3D priming also resulted in enhanced production of the liver
specific biomarkers albumin and urea; even within secondary 3D spheroid cultures.
Metabolic activity was significantly altered through priming, with the 3D priming
model showing decreased sensitivity to xenobiotic toxicity, though this difference

balanced out in the secondary models.

Overall, this study has shown that changing the substrate geometry impacts directly
on cell structure and results in an altered transcriptional state in HepG2 cells that
gives rise to a more physiologically relevant phenotype that is sustained even after
enzymatic and mechanical disruption. This holds potential for improving the
functionality ofin vitromodels and further elucidates the role of

mechanotransduction in directing cell biology.
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1.1 Introduction

1.1.1 Thesis overview

In this first chapter, the literature review will outline the key factors involved in
mechanotransduction which will demonstrate how cells can transduce extracellular
mechanical signals to affect their structure, and how this consequently affects their function.
This will help identify why two-dimensional cell culture is not adequate for creating accurate
physiological models and will provide a biological rationale behind this project. Following on
from this, the advantages of 3D culture over conventional 2D culture will be discussed with
relation to the concept of mechanotransduction. Next, the research landscape of in vitro liver
models will be covered, revealing some of the shortfalls in current techniques used, and how
through understanding mechanotransduction better, an improved liver model may be

possible.

This thesis will then describe the methods and materials used throughout the course of the
project in Chapter 2. Following on from this, the first data chapter of the thesis (Chapter 3)
will look at optimisation of a novel in vitro model that is able to support 8-day long culture
of HepG2 cells on a three-dimensional topography. This will involve testing a range of
different variables in 3D cell-culture to see how growth of the HepG2 cell line is affected,
with the ultimate aim of creating a reproducible model that has a thick cell layer with in vivo-
like morphology that can be easily dissociated and reseeded onto a secondary substrate.
Various liberation techniques will also be explored here to ascertain the best method of
removing cells from a 3D substrate while maintaining viability. Once this is optimised,
Chapter 4 will detail the structural characterisation of the model. This will include testing for
whether the structure of cells grown in a three-dimensional substrate remains altered after
liberation and reseeding. This chapter will also detail the optimisation of the secondary
model; a second and different 3D culture format in which cells previously grown either in 2D
in 3D can be reseeded. Structural characterisation will also look at specific structural markers
of interest, visualising these through immunofluorescence to compare the organisation and
expression of these markers between 2D and 3D models. Chapter 5 will consist primarily of
a thorough genome wide gene expression analysis experiment, using next generation RNA
sequencing to gain a snapshot of the global transcriptome of cells in 2D and 3D at the end
point of the primary model stage. This gene expression data from the HepG2 models will also
be compared to in vivo human liver and primary human hepatocytes to examine how similar

or dissimilar both the 2D and 3D priming models are to primary cell sources. This
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transcriptomic analysis will provide both a structural and functional insight into the biological
changes occurring as a result of 3D culture which should back up the previous structural
characterisation as well as providing a basis for functional characterisation and validation of
the enriched processes. Chapter 6 will provide a range of functional tests to characterise
what biologically meaningful alterations 3D culture elicits, as well as testing for altered

function in the secondary models after reseeding from previous culture in either 2D or 3D.

1.1.2 The role of the extracellular matrix in the human body.

The human body possesses an inherently three dimensional internal environment, with cells
growing in the extracellular matrix, a structural support network made up of multiple
components including proteins and sugars (Kular et al., 2014). The ECM is especially
important in connective tissue (McKee et al., 2019), but can be found in a multitude of
tissues, and it also plays a significant role in the wound healing response (Olczyk et al., 2014).
The components of the ECM are functionally very important due to both providing active
biological cues to the residing cells, and providing a mechanical support network for cell

growth, through which the structure and function of cells can be affected.

The mechanical and biological cues imposed by the ECM ultimately direct the functional
properties of cells (Martino et al., 2018) and because of this, the properties of the ECM differ
significantly throughout areas in the body. For example, in musculoskeletal tissues, growth
plate tissue ECM was found to contain proteins that promoted matrix regulation,
angiogenesis promotion and osteogenesis promotion. These components were significantly
more abundant than in articular cartilage, which contained chondrogenesis promoting
factors (Cunniffe et al., 2019). It has also been shown that cells exhibit increased
proliferation and differentiation in culture dishes coated in ECM solutions that were tissue
matched with the cell types, compared to non-tissue matched ECM-cell pairings (Zhang et
al., 2009). Thus, the ECM is clearly adapted to promote the growth and function of the cell
types specific to their respective tissues. It is clear that the composition of active biological
factors in the ECM are a driving force of cellular function, however the structural make-up of
the matrix is equally as important. The stiffness and structure of the ECM varies throughout
the body, with the higher concentrations of structural proteins (collagen and elastin)
promoting stiffer ECM environments (Bonnans et al., 2014). Different cell types in the body
exhibit vast diversity in terms of their morphologies which is often closely related to their
specialised functions — and it is the ECM that determines what morphology a cell will adopt.

As will become clear in this literature review, the shape of a cell is inextricably linked to the
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function, and thus recreating this mechanical environment becomes an essential

consideration for in vitro cell culture.

When it comes to in vitro cell culture, especially on the traditional two-dimensional substrate
of a flask, cells are at risk of losing the high-level biological properties seen in physiological
conditions, and this is largely due to the effect of a process called mechanotransduction.
Changes in the mechanical make-up of the growth matrix can elicit signalling cascades that
result in functional changes in the cells, and this concept is key to understanding how the
microenvironment affects cells (and consequently the considerations one must make when

culturing cells for biological analysis).

1.2 Mechanotransduction

1.2.1 Mechanical Cues Affect Cell Structure and Gene Expression

Mina Bissell was central to introducing the concept of ‘mechanotransduction’, suggesting
that mechanical cues may affect the genetic profile of the cells, and that structure as a whole
defines function. It was proposed by Bissell’s group that extracellular matrix induced
functional differentiation is exerted through alterations in the cell shape that affect gene
transcription. This was suggested to be due to interactions between the ECM and
transmembrane proteins in the cell and cytoskeletal elements (M. J. Bissell and Barcellos-
Hoff, 1987). ‘Dynamic reciprocity’ was a concept developed in this paper; the interplay
between the ECM and the residing cells, which was demonstrated via functional indicators
such as milk protein production being dependent on morphological differentiation. Despite
this early breakthrough, only recently have the effects and mechanisms of
mechanotransduction been investigated in depth. There is now a wealth of research into the
consequences of altering the mechanical properties of the growth substrate: its effects on
differentiation of stem cells (Engler et al.,, 2007), gene expression changes due to
morphological changes (Birgersdotter et al., 2005), and differences in histone acetylation
with cell shape (Le Beyec et al., 2007) to name just a few studies. These known effects of
morphological changes will be discussed in more depth later, in relation to cells grown on 2D

and 3D substrates.

Mechanotransduction is an important factor that needs to be considered in cell culture, with
the actin cytoskeleton in particular acting as an essential signal transducer and ‘middle man’
between external mechanical cues and the subsequent nuclear changes that affect gene

expression (Paluch et al., 2015). It is important to note that mechanotransduction is a two
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way process; as well as cells responding to the external environment, cells are able to
dynamically alter the composition of the ECM (Humphrey et al., 2014) and generate forces
internally which is known as ‘inside-out’ signalling. For this project however the focus is more

weighted towards the effect of the external environment on the cells rather than vice versa.

The signalling events in mechanotransduction are very complex in nature but our
understanding of how everything interacts is gradually becoming clearer (Martino et al.,
2018a). Investigating different mechanical properties of the cell growth matrix has often
involved the use of 3D cell culture techniques and has proved vital in elucidating the
underlying mechanisms involved in mechanosensing and mechanotransduction. One
significant breakthrough in was the understanding of durotaxis, the migration of cells
according to stiffness gradients. This was discovered through the observation that
mesenchymal stem cells (MSCs) migrated towards stiffer areas when grown on
polyacrylamide surfaces displaying a stiffness gradient (Vincent et al., 2013). This has direct
implications for in vivo biology as it appears that this could be the homing mechanism
through which MSC cells are recruited to fibrotic sites which are significantly stiffer regions

than their healthy tissue counterparts.

The evidence indicating the mechanical sensitivity of cells is compelling, with studies showing
that stiffer substrates lead to increased adhesion, proliferation and potentially
differentiation of osteogenic mesenchymal stem cells (Sun et al., 2018), periodontal ligament
stem cells (Liu et al., 2018), epidermal cells (Wang et al., 2012) and more. Mechanosensation
has been demonstrated in experimental literature multiple times, with traction force
microscopy capable of indicating levels of force exerted on the ECM due to the cell driven
displacement of sub-surface beads (Ingber, 2003). A more precise method to measure force
exerted by cells was also established using microfabricated postarray detectors to measure
the deflection of microneedles on the substrate surface (Tan et al., 2003). This technique
demonstrated that cells could exert as much as 75 nN of force on the individual post
(needles), with the actin cytoskeleton shown to be the driver. This added to a body of
research indicating that cells respond to local ECM alterations by increasing adhesive stress
through focal adhesion formation (Ingber, 2003). Later research showed that the
cytoskeletal architecture of cells could adapt precisely to the geometry of the
microenvironment (Théry, 2010). This was achieved through micro-patterning cell-culture
substrates to impose restrictions on cell shape during growth. Additionally, using

micropatterning to change the size of culture islets for myofibroblast growth resulted in a
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redistribution of matrix adhesion components such as tensin, B1 integrin and vinculin (Goffin
et al., 2006). With the addition of data showing that substrate stiffness directs migration of
cells (Jo et al., 2020), such as how anisotropic rigidity can direct epithelial cells towards stiffer
regions (Saez et al., 2007), there is clear experimental evidence that cells can sense and
respond to their external environment. The profound effect of substrate stiffness on
differentiation means that there is a large focus on mechanotransduction regarding stem
cells due to this concept having great potential in clinical applications. Nevertheless, this
principle is applicable across all cell types; the mechanical properties of a substrate can

significantly alter cell behaviour.

There is usually a distinction drawn between the terms mechanotransduction and
mechanosensation, with the latter being more commonly associated with the ability of cells
to respond to changes in the mechanical properties of their surrounding environment (D.-H.
Kim et al.,, 2013). Mechanotransduction as a term tends to encompass the mechanisms
through which the cell biology changes as a result of the mechanosensory apparatus inducing
structural changes. Specifically, mechanotransduction can be defined as the conversion of
physical signals to biochemical responses (Ingber, 2006). Importantly though, these terms
directly feed into one another, and for the purposes of this review mechanosensation will be

considered as an aspect of the broader biological process of mechanotransduction.

There are multiple elements in the cell at play regarding the biological changes as a result of
mechanical pressure, with changes in gene expression being the shared outcome (Uhler and
Shivashankar, 2017). The exact mechanisms through which gene expression is altered from
mechanotransduction are still being investigated and form a relatively new area of research
given the increased recent interest in mechanotransduction. Cytoskeletal machinery
changes that affect the nucleoskeleton, and direct activation and shuttling of message
delivering proteins (mechano-actuators) from the mechanosensitive sites have been
identified as prominent factors (Hieda, 2019). These two mechanisms of action are key to
the outside-in signalling events of mechanotransduction and they provide the nucleus with
biochemical and physical cues that result in the cell altering its gene expression accordingly.
To allow these two different mechanisms occur, the cells require mechanosensitive
apparatus — primarily at the membrane surface — which allows them to identify and respond
to the physical nature of the surrounding environment. The primary mechanically sensitive
elements of cells are found in the form of adhesion molecules and junctional complexes,

both between cells and the matrix, and between cells themselves.
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1.3 Junctional complexes and their role in mechanical regulation

Junctional complexes are found at the cell membranes, occurring at the points of contact
between cell-cell and cell-matrix in all tissues (Alberts et al., 2002a). Mechanotransduction
is largely dependent on cell adhesion and junctions (both between cells and between cells
and the matrix) which are critical for directing the function of cells, affecting aspects such as
metabolism, protein synthesis and cellular architecture (Goldmann, 2012). Of the different
types of junctions present in the cell, there are two categories that are mechanically
important to the cells; anchoring junctions and occluding junctions. Anchoring junctions
mechanically link cells and their cytoskeletons to the external environment, whether that is
a neighbouring cell, or the ECM (Alberts et al., 2002a). The two types of anchoring junctions
particularly involved in mechanical signalling are adherens junctions (cell-cell adhesion) and
focal adhesions (cell-ECM adhesion). These link actin to the external environment which
allows the cells to respond to mechanical cues and alter their structure and function
accordingly. Occluding junctions act as selective permeability barriers, sealing cells tightly
together in epithelia, and these can also bind to the cytoskeleton (Hatte et al., 2018)

therefore playing a role in mechanical integrity.

1.3.1 Focal adhesions

Focal adhesions (FAs) are one such type of cellular adhesion that are essential in the interplay
between cells and the ECM. FAs provide an adhesion site between the two and they directly
link to the actin cytoskeleton through cytoplasmic proteins that anchor it to integrin clusters
(Hirata et al., 2008a). Various experiments have tested the effects of mechanically
stimulating cells, and many of these have demonstrated that focal adhesion associated
proteins are primarily altered (in relation to their binding and activation) as a result of this
stimulation (Goldmann, 2012), suggesting that FAs are a key adhesion complex where

involved in mechanosensing.

Focal adhesions are complex structures consisting of transmembrane and intracellular layers
(see Figure 1.1), with scaffolding, docking and signalling proteins forming the intracellular
layers and ECM and cytoskeleton binding proteins forming the transmembrane layers
(Martino et al., 2018a). When mature, the focal adhesion complexes can be divided into
distinct nanodomains, with the integrin signalling layer being closest to the plasma
membrane (0-30 nm into the cell), the force transduction layer (30-60 nm), and the actin

regulatory layer (>60 nm) (Giannone, 2015). The ECM binding proteins in the focal adhesions
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are the integrin family cell adhesion receptors which are required for cell migration and the
activation of various intracellular signalling pathways, accomplished through their links to
prominent cytoskeletal binding and signalling molecules (Alberts et al., 2002b; Zhao and
Guan, 2011). The links to the actin cytoskeleton and to the intermediate filaments are
mediated by specialised integrins in addition to adaptor proteins in the focal adhesions
(Delon and Brown, 2007). Some of the key components of the FAs include focal adhesion

kinase, talin, vinculin, paxillin and zyxin and these will be discussed in detail below.

1.3.1.1 Integrins

In large, the direct relationship between the ECM and the focal adhesion sites of attached
cells is due to integrins expressed on the cell surface. These anchor to proteins in the ECM
such as collagen, fibrinogen and laminin (Humphries et al., 2006) and act as signal
transducers to the cell. The link between integrins and the cytoskeleton is incredibly
complex, involving over 50 proteins which form an intricate network of interactions (Zamir
and Geiger, 2001). These ‘docking’ proteins form the FA core, and many are involved in
mediating cytoskeletal reorganisation. Some of these docking proteins also possess the
ability to shuttle between the cytoplasm and the nucleus to act as transcription factors and

directly influence gene expression (Martino et al., 2018a).

Integrins require the ability to alter their specificity for various extracellular ligands to enable
them to bind with the heterogeneous environment of the ECM. Collagens, laminins and
fibronectins are some of the essential structural components of the ECM and many of these
(fibronectin, fibrinogen and more) possess an integrin binding motif — Arg-Gly-Asp (RGD).
Other ligands may use different recognition sites, but proteolytic cleavage may also reveal
cryptic RGD sites (Danen, 2013). The integrin receptor is formed from two subunits, a- and
B-integrin, which are type | transmembrane glycoproteins (Danen, 2013). Alternative splicing
of mRNA gives rise to multiple forms of these subunits, with different pairs of subunits
subsequently affecting the ligand specificity. The pairing of asB. for example is the classical
fibronectin receptor, whereas agp1 and asf; are laminin receptors. A demonstration of this
is that in adult skeletal muscle, the only ubiquitously expressed form of integrin is a;ps,
reflecting the need for strong laminin binding to support contraction (Mayer, 2003). As well
as differing compositions of subunits, the affinity for integrin’s ligands can be regulated
through conformational changes that are a result of either external ligands exerting force
(Chen et al., 2012) or brought about by inside-out signalling (Martino et al., 2018b).

Activation of the integrins is also induced through both outside-in and inside-out signalling;
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the integrins are usually maintained at the cell membrane in a bent conformation that
renders them with a low affinity for ligands, but upon activation from either direction, this
affinity is increased through conformational changes which leads to stable adhesions. Inside-
out signalling induces this conformational change through the binding of talin to the
cytoplasmic tail of B subunits. With outside-in signalling, this conformational change is
induced through the binding of ECM proteins and external forces (Seetharaman and Etienne-

Manneville, 2018).

1.3.1.2 Integrins and the ECM

The composition of the extracellular matrix determines the expression of the specific integrin
subunits, and this considerably affects the biological behaviour of the cell (Seetharaman and
Etienne-Manneville, 2018). These changes in behaviour are partly due to the differences in
the bond strengths between integrins and various ligands, with the bonds between ayps and
its ligand vitronectin being weaker than the bond between asf; and fibronectin for example.
This difference in bond strength then affects the actin connections, with the weaker bonds
resulting in increased cytoskeletal flexibility and creating short actin fibres mediated through
GEFH1-Rho-mDia, whereas the stronger bonds lead to long range force generation and long
actin fibre creation/recruitment through Rho-ROCK-myosin Il mediated contractility

(Seetharaman and Etienne-Manneville, 2018).

The signalling of the integrins to the actin cytoskeleton due to ECM adhesion works via
numerous pathways, including Rho family GTPases and cAMP-dependent protein kinase
(DeMali et al., 2003). Consequent remodelling of the actin cytoskeleton works largely
through affecting the formation of actin structures through altered nucleation via Arp2/3 or
formins (DeMali et al., 2002). This demonstrates an integrin dependent mechanism showing
that mechanical changes in the ECM, or the mechanical properties of the cell growth
substrate will result in remodelling of the cytoskeleton, and this cytoskeletal remodelling
subsequently leads to changes in the gene expression and thus changes in the function of
the cell (see Figure 1.1). Integrin may also affect gene expression through signalling
molecules. For example, strain exerted on smooth muscle cells via stretching them elicited a
conversion of integrin to a high affinity state (Katsumi et al., 2005), and this resulted in
increased integrin binding and integrin mediated activation of JNK, which is important in
regulating many cellular processes including apoptosis (Liu and Lin, 2005), proliferation

(zhang and Liu, 2002a) and differentiation (Xu and Davis, 2010).

1.3.1.3 Focal Adhesion Kinase
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Focal adhesion kinase (FAK) is one of the earliest identified signalling molecules involved in
focal adhesions (Parsons, 2003). FAK is a 120kDa sized non-receptor tyrosine kinase, with a
critical role in migration and angiogenesis through various signalling pathways. These
molecules are recruited early on in the formation of FAs, due to changes in the morphology
and distribution of integrin clusters (Martino et al., 2018a). Integrin mediated cell-ECM
adhesion results in the N-terminal FERM domain of FAK being displaced by an activating
protein which induces a conformational change, allowing autophosphorylation at the
phosphorylation site Y397. Src family kinases can now bind, leading to phosphorylation of
other sites on FAK, fully activating the protein. The activated FAK can subsequently initiate
phosphorylation mediated signalling cascades that have profound effects on multiple cellular
functions (Zhao and Guan, 2011). FAK therefore responds to mechanical signals via
recruitment to developing focal adhesions where it activates through autophosphorylation
which triggers mechanotransduction pathways (Martino et al., 2018a) including the
stabilisation (Fabry et al.,, 2011) and polymerisation (Roa-Espitia et al., 2016) of the
cytoskeleton. Contractile activity of the actin cytoskeleton is driven by RhoA activity which
may also promote the recruitment of FAK to the cell adhesions through creating a positive

feedback loop encouraging more FAK activation (Tang, 2015).

This protein appears particularly responsive to stretch and mechanical signalling (Sawada
and Sheetz, 2002; Wang et al.,, 2001). Therefore it is unsurprisingly closely related to
mechanotransduction, with its presence (both in the inactive and active form) being essential
for durotaxis and the localisation of YAP —an important mechanotransducer —to the nucleus
(Lachowski et al., 2018). It also plays a role in regulating integrin activation with FAK
expression being linked to increased adhesion strengthening and higher rate of integrin
binding during early stages of adhesion. Then, as adhesive forces reach equilibrium, FAK
expression leads to a weaker steady state of adhesion when compared to FAK null cells,
which shows that FAK has a time dependent role in the regulation and generation of adhesive

forces (Michael et al., 2009).

1.3.1.4 Paxillin

Paxillin is another key protein involved in focal adhesions, with a role in scaffolding through
recruitment of structural and signalling molecules that drive cell migration. Like FAK, Paxillin
is involved in the transduction of extracellular mechanical cues into the cell. Integrin binding
to the ECM promotes tyrosine phosphorylation of paxillin which as a result provides a

scaffold for the recruitment of the tyrosine kinases FAK and Src as well as several other
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enzymes and structural molecules (Lopez-Colomé et al., 2017). Paxillin is necessary both for
the assembly of focal adhesion complexes at the front of the cell, but also for the disassembly
at the rear of the cell. Localisation of this protein is primarily at the focal adhesions, however
it has been found to shuttle between the cytoplasm and the nucleus where it potentially acts
as a transcription factor, and has been shown to stimulate DNA synthesis and cell
proliferation (Dong et al., 2009). This localisation of paxillin has been shown to be modulated
by phosphorylation which is in large undertaken by the FAK-Src complex, meaning there is a
close interplay between paxillin and FAK activity (Stutchbury et al., 2017). Phosphorylation
of paxillin, FAKs and vinculin increase with stiffer substrates, demonstrating the
mechanosensitive nature of the protein (Bae et al., 2014) and the tension dependent
phosphorylation of paxillin may aid in the recruitment of vinculin to focal adhesions, but this
may also work through mechanisms unrelated to FAK (Bae et al., 2014). The turnover of
paxillin and FAK — which function as signalling module proteins — does not appear to change
in response to ECM stiffness suggesting these might not be direct cellular mechanosensors,
instead being involved in mechanosensation through phosphorylation by other mechanically
sensitive proteins. The turnover of other structural proteins such as talin, vinculin and tensin
does alter in response to stiffness though, which indicates that it is these particular structural
proteins — linking integrins with the cytoskeleton — that are the direct mechanosensors

(Stutchbury et al., 2017).

1.3.1.5 Vinculin/Talin

Vinculin and talin are structural proteins involved in focal adhesions and mechanosensing
which provide a physical link between the integrins and the actin cytoskeleton (Stutchbury
et al., 2017). These two proteins work closely together, with vinculin’s presence at focal
adhesions being dependent upon the presence of talin (Zhang et al., 2008). It is believed that
vinculin is recruited to the integrin signalling layer of focal adhesions whereupon activation,
it ‘climbs’ talin to reach and bind to the actin cytoskeleton. These two proteins are activated
through tension dependent conformational changes, with stretching of talin rods exposing
cryptic binding sites for vinculin (del Rio et al., 2009). Talin acts a mechanosensor both
indirectly through the outside-in signalling activation of integrin, and directly through
unfolding under force loading to expose cryptic vinculin binding sites (VBS) (Martino et al.,
2018b). Under low mechanical strain, talin reveals one VBS which activates and binds one
vinculin molecule (Haining et al., 2016). This binding of vinculin to the exposed talin sites
increases the connections to actin which consequently stretches talin further and exposes

more vinculin binding sites (Giannone, 2015), functioning as a form of positive feedback loop
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linked to mechanotransduction. Thus, talin’s extended conformation requires vinculin

binding, and talin binding is a requirement of vinculin activation (Giannone, 2015).

The talins are essential for linking integrins to the cytoskeleton, and for subsequently
directing the organisation and formation of the actin filaments. There are two talin genes
expressed in humans (talin-1 and talin-2) that both contribute differently towards
mechanotransduction. Talin-2 seems to be more sensitive to tension, and cells with
individually expressed talin-2 spread out more than talin-1 cells (Austen et al., 2015). Distinct
integrin subtypes and talin isoforms possess different binding affinities, for example integrin
Bs has a higher affinity for talin-1 than talin-2, and talin-1 has a higher affinity for integrin (33
than integrin Bia (Seetharaman and Etienne-Manneville, 2018), so the composition of

integrin subunits is an important factor for the binding of talins.

Vinculin is a mechanosensory protein like talin and is interestingly also present in cadherin
adhesions as well integrin-based ones. Vinculin binding to talin helps reinforce the talin-actin
link by recruiting further actin filaments to the focal adhesions, and this is a tension mediated
process with higher forces upon vinculin encouraging FA assembly, and low forces resulting
in disassembly (Grashoff et al., 2010). Interestingly, vinculin recruitment is only tension
dependent for talin-1, whereas vinculin recruitment occurs even without the presence of
force bearing C-terminal F-actin binding on talin-2 (Austen et al.,, 2015). This further
demonstrates how the different affinities of integrin B subunits to the talin isoforms may
lead to downstream differences in cell mechanotransduction and it indicates how ECM

composition may alter the activity of vinculin and talin.

The phosphorylation of vinculin is also essential for mechanotransduction, with
constitutively inactivated vinculin resulting in cells that are lacking in adhesion strength and
exhibiting reduced cytoskeletal stiffness; whilst rescuing vinculin phosphorylation restores
these mechanical properties (Auernheimer et al., 2015). Vinculin also demonstrates a
dependency on actomyosin contraction for localisation to the focal adhesions. The actin
binding tail region of vinculin is essential in providing the cells with the ability to repolarise
(Humphries et al., 2007), and the clear effects of vinculin on cellular mechanical integrity
(Auernheimer et al., 2015) coupled with the dependence on talin’s mechanically driven
extension highlights the importance of these two proteins in transmitting extracellular

mechanical stimuli.

1.3.1.6 Zyxin
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Another protein involved in focal adhesions and mechanotransduction is zyxin which also
affects actin polymerisation and is known to shuttle to the nucleus. Application of force is
known to alter the localisation of zyxin which is predominantly based at focal adhesions;
stretching cells results in the mobilisation of zyxin to actin filaments (Yoshigi et al., 2005),
particularly at force bearing sites in the leading edge of cells (Uemura et al., 2011) where it
influences the organisation of the cytoskeleton. Zyxin alters actin through both affecting
contractility with its ability to bind the crosslinking protein a-actinin (Crawford et al., 1992)
and altering polymerisation through its activity with Ena/VASP. There is evidence showing
that Zyxin recruits VASP to the barbed ends of actin filaments where it helps protect the
filaments from capping activity, promoting polymerisation (Hoffman et al., 2006). The
protein contains a LIM domain which has been shown to be essential in the force dependent
accumulation of the protein, with zyxin proteins that lack the LIM domain showing no
localisation to force bearing sites (Uemura et al., 2011). LIM domains are also important in
the activity of paxillin with its binding to various cytoskeletal signalling proteins being

dependent on four C-terminal LIM domains (Kadrmas and Beckerle, 2004).
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Figure 1.1: Focal adhesions drive structural remodelling of the cytoskeleton.

Figure adapted from (steve, n.d.; Tsimbouri, 2015). Integrins recruit actin filaments through Talin (Tal) and vinculin and paxillin (PAX) provides a scaffold
through which focal adhesion kinase (FAK) and SRC are recruited. SRC family kinases phosphorylate FAK, encouraging actin polymerisation. Zyxin is recruited
to the actin filaments and further encourages crosslinking through a-actinin and polymerisation through Ena/VASP. Altered actin structure causes changes in

gene transcription through signalling pathways and mechanical changes in the nucleus. Created with BioRender.com.
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1.3.2 Adherens junctions

Focal adhesions are evidently very critical in linking the cytoskeleton to the ECM surrounding
the cells (Roca-Cusachs et al.,, 2013), and integrin plays a central role in this and the
transduction of the mechanical signals to the cytoskeleton. Cells do not just exist as individual
entities on a matrix however, they are in contact with multiple other cells either of the same
or different types when in vivo, and contact with other cells is another significant driver of
structure and function. Therefore, cell to cell adhesion complexes also play a role in

mechanotransduction and should not be overlooked.

Adherens junctions (Als) consist of cadherins and their binding partners catenins (Pinheiro
and Bellaiche, 2018). This group of cell-to-cell adhesion molecules - transmembrane proteins
essential for cell to cell adhesion — could be considered analogous to integrins but are less
extensively studied regarding their capacity for mechanotransduction. Cadherins are
transmembrane proteins essential for cell to cell adhesion which works via Ca*? dependent
homophilic interaction of their ecto-domains (Ayollo et al., 2009). This extracellular domain
involves five beta-barrel domains, with the three calcium binding sites residing in the
interdomain junctions (Cailliez and Lavery, 2005). The binding of calcium is essential for the
correct functioning of cadherin, with the molecules being vulnerable to protease attack in
the absence of calcium (Takeichi, 1990). There is a transmembrane and cytoplasmic domain
of the cadherins too, and these domains are important for binding proteins that link the
junctions to the cytoskeleton consisting primarily a, B, y and P120 catenin (Leckband and
Rooij, 2014). Various cadherins exist (N-cadherin, P-cadherin, E-cadherin), with E-cadherin
perhaps being the most extensively characterised of the group. Calcium binding is known to
be majorly important in the junction between the top two domains in E-cadherin (EC1 and
EC2), affecting the function of the molecule through altering its conformation (Cailliez and

Lavery, 2005).

Cadherins may aid in defining structure and function similar to integrins, due to the link
between the actin cytoskeleton and cadherins via the cadherin-catenin complex (Desai et al.,
2013). Contrary to initial thoughts that cadherins were just passive, there is significant
evidence that they possess mechanosensing abilities that can result in appropriate signalling
cascades to alter cellular function. The nature of cadherins in mediating cell to cell contacts
means they are subject to tensile and mechanical forces transmitted through the cells, and
therefore they have a role to play in deformation of cytoskeletal elements (Leckband and

Rooij, 2014). Rigid surfaces appeared more conducive to the formation of cadherin
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adhesions, with more spread out cells and increased cytoskeletal organisation compared to
softer substrates (Ladoux et al., 2010). Force on cells increases the development of cadherin
adhesions, and the altered morphology indicates that the actin machinery is an active

component in the regulation of cadherins.

The mechanosensory abilities of E-cadherin were demonstrated through showing that
applying force to cells through magnetic twisting cytometry, there was up to a 70 % force
dependent increase in stiffness of the junctions. This was shown to be dependent on the
mechanical linkage to and presence of an organised cytoskeleton, as cytoskeletal disruption
agents severely impacted the response (le Duc et al., 2010). This is coupled with the
observation that vinculin accumulates at the actin anchored cadherin adhesions in a force
dependent manner and helps potentiate the mechanosensory nature of E-cadherin.
Mechanically stretching cells has also been shown to alter the size of adherens junctions,
with myosin independent application of force triggering the growth of Als, and myosin
activity also affecting AJ size (Liu et al., 2010). AJ remodelling and polarisation is a vital
process in vivo with many examples of mechanically induced changes of this being seen in
physiological situations (Pinheiro and Bellaiche, 2018). The mechanosensory response of
adherens junctions is particularly critical in the morphogenesis of epithelia tissues and the

remodelling of epithelial architecture (Pinheiro and Bellaiche, 2018).

1.3.2.1 Adherens junctions and the cytoskeleton

The cytoskeleton is reactive to changes in intercellular force due to the presence of vinculin
which reinforces binding of the AJs to the actin cytoskeleton, as well as promoting the
nucleation of F-actin through Arp2/3 and Ena/VASP (Pinheiro and Bellaiche, 2018). It is
suggested that one of vinculin’s potential roles in Als is to protect the junctions from opening
during the remodelling process, however it is not needed for initial formation of the junctions

(Huveneers et al., 2012).

Zyxin is another protein involved in actin polymerisation and implicated in
mechanotransduction that has been known to act at cadherin junctions. Zyxin, VASP and
testin (a zyxin related LIM-domain protein) have all been found to be localised to Als where
they may aid in the regulation of the actin cytoskeleton (Oldenburg et al., 2015). Thrombin
is an endothelial permeability factor that is known to induce actomyosin contraction that
puts tension on cell-cell junctions. During application of this factor to human umbilical veins
endothelial cells, it was seen that VASP, zyxin and testin were increased at the AJs, with VASP

and zyxin complexing together. Conversely, when F-actin stress fibres were disrupted using

41



the Rock inhibitor Y-27632, the localisation of these proteins significantly decreased,
indicating a tension dependent recruitment of these to AlJs (Oldenburg et al., 2015).
Dominant-negative mutants for zyxin and LPP (a close relative of zyxin) result in an
accumulation of capping protein at the cell junctions which prevents the polymerisation of
actin filaments (Hansen and Beckerle, 2006). The localisation of these molecules is
independent of the presence of vinculin and the conformation of a-catenin (which can be
modulated through mechanical tension). This may in part explain a mechanism through
which Als transduce mechanical signals through the cytoskeleton; through the help of
vinculin and zyxin which allow the elongation of actin filaments. The actin cytoskeleton is
also intrinsically able to respond to mechanical loads, and this will be discussed later. The
signalling of the AJs to the actin cytoskeleton may help give rise to transcriptional differences
and genetic changes known to arise downstream of actin remodelling due to the link

between the cytoskeleton and the nucleus.

Cadherins are bound to actomyosin principally through the catenins, and a-catenin is a
particularly critical protein in mechanotransduction through AlJs. The F-actin associated a-
catenin is linked to the specific cadherin= E-cadherin via B-catenin (Desai et al., 2013). This
protein is able to change its conformation when under tension, where the unfurling of the
D3a domain provides a binding site with vinculin as a potential ligand. It is likely then that
tension is a mediator of the vinculin binding to a-catenin, reinforcing the link to the actin
cytoskeleton at cell-cell junctions (Leckband and Rooij, 2014). Besides vinculin, a-actinin is
also capable of binding to the same domain of a-catenin as vinculin (Nieset et al., 1997), and
while certain proteins binding to this D3a domain may attenuate the activity of vinculin, a-
actinin could provide another link between the cadherins and mechanotransduction. For
example, a-actinin-4 associates with the cadherin-catenin complex and aids in the assembly
of actin at cadherin junctions by binding and bundling the F-actin. The capture and
recruitment of actin to the junctions by a-actinin may be further facilitated through Arp2/3
with its nucleation activity being a requirement for a-actinin dependent actin assembly (Tang
and Brieher, 2012, p.). Arp2/3 was also shown to be localised at the cadherin-catenin
complexes during junctional assembly, showing that these complexes are essential for actin

incorporation.

While less studied than their cell-matrix counterparts (FAs/integrins), it is clear that
cadherins should not be overlooked when considering mechanotransduction and the

potential mechanisms through which the cytoskeleton may rearrange itself as a result of
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extracellular mechanical cues. Interestingly, integrins are also important in mediating cell-
cell adhesions (Zhang and Wang, 2012), affecting multiple aspects of cell behaviour including
migration, homeostasis and activation (Hynes, 2002), so it is possible that both focal

adhesions and adherens junctions interact with each other.

1.3.3 Tight Junctions

In cells such as epithelial cells, where the passage of solutes and ions in between cells is
important, tight junctions are required for correct functioning (Hartsock and Nelson, 2008).
Tight junctions are also essential for the prevention of protein mixing between apical and
basolateral membranes, and the sealing of cells with tight junctions is the key to forming
polarity and creating an apical and basal surface (Anderson and Van lItallie, 2009). The
functional importance of tight junctions in vivo means that the number and proximity of cells
in in vitro culture are an important consideration due to the potential formation of tight
junctions that that have such functional implications for the cells. Tight junctions consist of
various transmembrane proteins (claudins, occludin), which bind to the actin cytoskeleton
through the intracellular ZO proteins (Hatte et al., 2018). ZO proteins are not the only TJ
associated proteins that bind actin however, with cingulin also being an important protein
recruited to tight junctions by ZO-1 that interacts with actin filaments, myosin and
microtubules (Citi, 2019). Afadin is another protein present in tight junctions (and Als) that
binds actin, increases under tension and works with ZO-1 to help maintain junctional

architecture (Choi et al., 2016).

While tight junctions mechanically couple cells together, there is less research on these in
relation to mechanotransduction. One study indicates a potential role of tight junctions in
regulating the mechanical tension applied to the adherens junctions, with depletion of ZO-1
resulting in cytokinesis defects in Xenopus laevis embryos (Hatte et al., 2018). Interestingly
this protection from excessive tension goes both ways, with one study showing that vinculin
dependent reinforcement of Als under tension allows TJs to maintain barrier function in
Xenopus epithelia (Higashi et al., 2016). Tight junctions also directly associate with adherens
junctions, with ZO proteins being seen to localise to AlJs in multiple situations (Citi, 2019).
This mechanical link to adherens junctions suggests that the tight junctions have an indirect
role in mechanotransduction, but there is also evidence to suggest a more straightforward

link to mechanotransduction.
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One more direct effect of mechanical force may come from the ability of the ZO proteins to
bind important ligands. The N-terminal region of ZO-1 that contains the PDZ3, SH3, U5 and
GUK domains (the ZPSG-1 region) is essential for interaction with occludin and for the ZO-1
/ Z0-2 dependent sequestration of DbpA/ZONAB (Spadaro et al., 2017). DbpA is a
transcription factor that regulates gene expression and cell proliferation. In confluent
epithelial cell layers, ZO-2 inhibits the nuclear activity of DbpA with ZO-1’s regulation being
shown to be redundant (Balda and Matter, 2000; Spadaro et al., 2014). This binding of the
ZPSG-1 region to occludin and DbpA is inhibited by the C terminal of ZO-1 which also interacts
with the ZPSG region, yet it was observed that application of force stretches the ZO proteins
and is able to disrupt the C-terminal-ZPSG interaction in vitro. This suggests that force
directed modulation of the C-terminal-ZPSG interaction is one mechanism through which the
cell can modulate the ligand binding activity of ZO-1 and ZO-2 and consequently alter its
function (Spadaro et al., 2017). From this, it was suggested that ZO proteins are active whilst
in their stretched conformation, and inactive when folded due to autoinhibition of ZPSG-1.
It appears that actomyosin contractility and organisation has a direct effect on the stretching
and therefore activation of the ZO proteins, due to the direct connection through the C
terminal ends of ZO-1 and Z0-2 to the actin filaments (Spadaro et al., 2017). One group of
proteins essential in the organisation of the actin cytoskeleton are the Rho family GTPases
which are also known to interact with multiple tight junction proteins such as ZO-1, cingulin
and paracingulin (Citi, 2019). It is unclear the exact effect that these interactions elicit on the
Rho GTPases, however it does indicate that the tight junctions possess the ability to
reorganise the cytoskeleton. ZO-2 has also been shown to regulate the nuclear shuttling of
an important transcription factor/mechanotransducer — YAP, further implicating tight

junctions in mechanotransduction (Spadaro et al., 2014).

Multiple ZO-1 protein knockout experiments have shown that depletion of these proteins
significantly affects cellular architecture, actin localisation and monolayer mechanics in
epithelial cells (Bazellieres et al., 2015; Odenwald et al., 2018; Tokuda et al., 2014). Despite
this, the mechanical integrity of cells however was found to be largely unaffected in ZO-1
knockout epithelial cells, whereas AJ disruption with Dithiothreitol (DTT) significantly
affected the cellular mechanics (Briickner and Janshoff, 2018). The effect of knocking out ZO-
1 on cell structure is significantly more pronounced when Z0-2 is simultaneously depleted,
with elevated epithelial tension (Choi et al., 2016), expansion and delayed formation of the
actomyosin ring associated with the AlJs (Fanning et al., 2012; Yamazaki et al., 2008) being

some of the observed outcomes. It is evident that the ZO proteins (and by extension, tight
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junctions) are closely involved in the organisation of the actin cytoskeleton and therefore
they should not be overlooked when investigating altered cell function due to changes in

morphology.

1.3.4 Desmosomes

Little is known about the link between desmosomes and the cytoskeleton, however it is
known that they help mammalian tissues to resist mechanical stress (Price et al., 2018).
Desmosomes do not appear sensitive to intracellular mechanical forces arising from actin
contractility, unlike cadherin-based junctions which are directly linked to actin. Desmosomes
are the only epithelial junctions that are associated with intermediate filaments (IFs)
(Sluysmans et al., 2017), and they are linked to the Ifs through desmoplakin. The stress
absorbing properties of desmosomes may be partly attributed to desmoplakin — a protein
that may have isoform specific roles in its sensitivity to mechanical stress. Due to the unclear

nature of these junctions regarding mechanotransduction, they will not be focused on here.

It is clear that some of the critical points of origin for outside-in mechanotransduction are
the junctional complexes both at the cell-cell and cell-matrix interface. The profound effect
of structure on cellular function means that considering the arrangement and morphology
of cells in vitro is essential if the aim is to recapitulate the in vivo phenotype as closely as

possible.

1.4 The cytoskeleton and mechanotransduction

The first of the two mechanisms through which mechanical signals at the membrane of the
cell are transduced to the nucleus is through reorganisation of the actin cytoskeleton. This
results in physical changes in the nucleoskeleton exerted through the cytoskeletal
connections to the LINC complex. The cytoskeleton consists of 3 elements, the actin fibres,
microtubules and intermediate filaments, with the actin cytoskeleton primarily having a well-
known and critical role in mechanotransduction. Extracellular mechanical cues are
transduced via the remodelling of the actin cytoskeleton — a process dependent on adherens

junctions and the focal adhesions that form at the cell-matrix interface.

The actin cytoskeleton is a dynamic structural component of the cell that consists of
filamentous actin fibres (F-actin), globular actin molecules (G-actin), and actin binding
proteins (Ohashi et al., 2017). This has three primary functions: spatial organisation of the

cell and its components, physical and biochemical interaction with the microenvironment
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surrounding the cell, and cell motility/morphology. The actin cytoskeleton is in constant flux,
with the regulation of tension acting as a second messenger for mechanical signals (Martino

et al., 2018a).

1.4.1 Actomyosin contractility

One of the core attributes of the actin cytoskeleton is its contractility, carried out through
the association of F-actin filaments with the motor protein myosin Il to form stress fibres.
These stress fibres, along with the polymerisation and depolymerisation of actin filaments
are central to the cell’s ability to migrate and remain responsive to its external environment.
Myosin Il is bound to the actin filaments through crosslinking proteins such as a-actinin and
palladin and is essential for the contractile nature of cells due to its ability to ‘walk’ along the
actin filaments (Naumanen et al., 2008). Stress fibres link the cytoskeleton to focal
adhesions, with three main types of stress fibre existing, each with different functions:
dorsal, ventral and transverse arcs. Ventral fibres and transverse arcs demonstrate periodic
distribution of a-actinin-myosin (Hotulainen and Lappalainen, 2006), however dorsal stress
fibres do not exhibit this distribution and they are not bound to myosin. Ventral stress fibres
are important for the contractility of the cytoskeleton, anchored to focal adhesions at both
ends which makes them responsible for changes in cell shape and tail retraction (Naumanen
et al., 2008). Dorsal stress fibres only associate with focal adhesions at one end, and are not
contractile but act as stabilisers, and a platform for linking the other stress fibres to the focal
adhesions (Tojkander et al.,, 2012). Transverse arcs are not directly linked to any focal
adhesions, but carry out their contractile activity through indirect connections to the FAs via

the dorsal stress fibres (Naumanen et al., 2008).

A fourth stress fibre sub-type with an important role in mechanotransduction has been
recently identified — perinuclear actin caps (Tojkander et al., 2012). These consist of actin-
myosin filaments that are directly connected to the nuclear lamina through LINC complexes,
and they directly connect the nuclear envelope to focal adhesions, making them essential in
transducing external mechanical signals directly to the nucleus (D.-H. Kim et al., 2013; Shiu
et al., 2018). One of the first identified features of the perinuclear cap was regulating the
shape of the nucleus (Khatau et al., 2009), and the discovery of this stress fibre type
highlighted the direct relationship between nucleus shape and cell shape as directed by the
external environment. Stress fibres are known to contribute to cell adhesion (Parsons et al.,
2010), but evidence is more ambiguous regarding their role on cell migration. They have the

ability to alter the conformation of mechanosensitive focal adhesion proteins such as B-
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integrin (Puklin-Faucher et al., 2006) and talin (Gingras et al., 2006), and they are able to
regulate the assembly and dynamics of focal adhesions through contractile forces (Tojkander
et al., 2012). Regarding migration however, stress fibres are not always present in migratory
cells, suggesting that they are not essential for migration — but perhaps they aid migration
on stiffer matrices due to their ability to deform the surrounding substrate through

generation of tensile forces (Castella et al., 2010).

1.4.1.1 The Rho/ROCK pathway is a mechanically sensitive driver of cytoskeletal

reorganisation.

One of the central pathways involved in cytoskeletal mechanosensation is the activation of
Rho GTPases, particularly RhoA which has a distinct effect on the cytoskeleton with its
regulatory action on myosin Il activity (Chrzanowska-Wodnicka and Burridge, 1996; Lessey
et al., 2012). RhoA is a G-protein whose activity is regulated by three different proteins;
guanine nucleotide-dissociation inhibitors (GDIs), guanine nucleotide-exchange factors
(GEFs) and GTPase-activating proteins (GAPs). These proteins regulate the cycle between an
inactive GDP state of RhoA and an active GTP state. GDI binds to the inactive RhoA to
maintain an inactive pool of it in the cytosol, with GEFs activating the protein by catalysing
the exchange of GDP for GTP. GAPs return the proteins to their inactive state by stimulating
GTPase activity (Lessey et al., 2012).

RhoA activates Rho-associated protein kinases (ROCK) which play an important role in the
propagation of mechanical signals. There are two ROCK proteins: ROCK1 and ROCK2 with
ubiquitous expression in most tissues, and both appearing to have similar functions — stress
fibre formation with ROCK1 and cell contraction/phagocytosis for ROCK2 (Amano et al.,
2010). These work through phosphorylation of specific substrates, of which there are many
with a significant involvement in cytoskeletal morphology (MLC, Adducin, CPI-17, MYPT1 and
many more) (Amano et al., 2010). Myosin Il activity is induced by (ROCK) activation which
directly phosphorylates myosin regulatory light chain (MLC), increasing the contractile
activity of myosin Il with the actin filaments due to it promoting the assembly of myosin Il
into bipolar filaments, inducing actin-myosin interaction and myosin Il ATPase activation
(Lessey et al., 2012). MLC phosphatase is a regulatory enzyme that dephosphorylates MLC
and therefore reduces the contractility of stress fibres. As well as directly activating MLC, the
Rho/ROCK pathway also suppresses the activity of MLC phosphatase through
phosphorylating the subunit myosin phosphatase targeting subunit 1 (MYPT1), decreasing
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its activity and thereby leading to an increase in phosphorylated MLC (Kimura et al., 1996).

See Figure 1.2 for a summary of how Rho/ROCK affects the actin machinery.

Actin cytoskeleton stabilisation is largely mediated by cofilin a protein that severs F-actin,
allowing depolymerisation from the now exposed barbed end and reducing tension in the
cell (Martino et al., 2018b). Cofilin is active when dephosphorylated, and mechanical
stimulation encourages the deactivation of cofilin through its phosphorylation by the kinase
LIMK which is activated by the Rho/ROCK pathway (Mizuno, 2013). It has been observed that
ROCK inhibition results in the loss of actin stress fibres due to the lack of cofilin inhibition,
which further demonstrates the role of ROCK in preventing depolymerisation of actin
filaments (Driscoll et al., 2015). Mechanical forces upon the cell also directly inhibit the
activity of cofilin; by both reducing the affinity of cofilin and increasing the affinity of Myosin
Il to the actin filaments (Ohashi et al., 2017). A potential explanation for the reduced affinity
of cofilin is due to changes in the helical structure of actin fibres when under tension. This is
due to cofilin’s preference in binding to actin filaments that are more twisted, a property
that decreases the more an actin filament is stretched (Hayakawa et al., 2011). The extended
nature of stretched actin filaments also favours myosin Il binding, promoting contractility

(Ohashi et al., 2017).

Externally generated forces that either stretch or compress cells are known to activate RhoA
(Lessey et al., 2012), which leads to stabilisation of the actin cytoskeleton through the activity
of ROCK which promotes myosin Il activity and inhibits cofilin mediated actin severing as
discussed above. RhoA activity is linked to mechanical signals through the association of its
regulatory proteins to the cytoskeleton and cell adhesion molecules. It was demonstrated
for example, that two GEF proteins, GEF-H1 and LARG were recruited to adhesion sites upon
application of mechanical force (Guilluy et al., 2011). RhoA expression is regulated by a
number of transcription factors, including NF-kB (Kim et al., 2018), the nuclear transport of
which is known to be modulated by mechanical disruption in endothelial cells (Mammoto et

al., 2012).
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Figure 1.2: Actin polymerisation is regulated through RhoA-GTP

Figure adapted from (Disanza et al., 2004; Martino et al., 2018b). Profilin refreshes the pool
of ATP bound monomers for actin assembly at the barbed end (+ end) and Arp2/3 facilitates
branching of the filaments. Cofilin severs actin filaments from the ADP bound pointed end (-
end) by destabilising the filament structure resulting in filament disassembly. RhoA-GTP
promotes actin elongation through activation of mDial, which promotes polymerisation
(Lessey et al.,, 2012). RhoA-GTP stabilises actin through ROCK activating LIMK which
phosphorylates cofilin, thereby inhibiting its actin severing activity. RhoA-GTP can also induce
contractile force through direct phosphorylation of myosin light chain (MLC) which increases
the contractile activity of myosin I, and also through inhibition of MLC phosphatase. Created

with BioRender.com.
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1.4.2 Actin assembly/disassembly

Actin disassembly and nucleation/elongation is the other essential aspect of the actin
cytoskeleton in ensuring cell motility and shape alteration. To respond to external cues, actin
filaments must assemble rapidly at specific locations, however the formation of de novo actin
filaments is limited due to the unfavourable nature of actin nucleation. Nucleation is very
inefficient owing to the highly unstable actin dimers and trimers (polymerisation
intermediates) involved in the process which rapidly dissociate (Chesarone and Goode,
2009). While nucleation is the rate limiting step, elongation of existing actin filaments can
occur rapidly due to the large reservoir of actin monomers available. Elongation occurs at
the barbed ends of filaments after nucleation has taken place, but this is limited through the
activity of actin capping protein, which binds to the barbed ends of actin filaments and
regulates their polymerisation (Cooper and Sept, 2008). The rate of elongation is directly
proportional to the concentration of actin monomers available in the cytosol (Pollard, 1986).
One particular characteristic of actin filaments is a ‘treadmilling’ like activity, where actin
monomers bound to Mg-ATP associate at the barbed end of the filaments, and ADP-actin (a
product of ATP hydrolysis and phosphate dissociation) dissociates from the pointed end,
which results in the motor like activity of actin filaments. The dissociation of the y-phosphate
after ATP hydrolysis occurs slowly compared to the hydrolysis itself, but once complete it
induces debranching and binding of actin depolymerizing factor and cofilin which severs the
actin subunits (Pollard and Borisy, 2003). This equilibrium between association and
dissociation of actin monomers results in directional movement of the actin filaments,
however this process is naturally very slow and it is only through the activity of regulatory

proteins that this becomes a mechanism for cell migration.

1.4.2.1 Actin nucleation factors

To overcome the unfavourable nature of nucleation, certain proteins are expressed that
promote actin assembly: actin nucleators and elongation factors, and these play key roles in
regulating the polymerisation of actin. Actin nucleators work through either structurally
mimicking the polymerisation intermediates required, stabilising the spontaneously formed
intermediates or through forming a basis for polymerisation via recruitment and alignment
of actin monomers (Chesarone and Goode, 2009). Amongst the important nucleation factors
is the Arp2/3 complex, which works via mimicry of the polymerisation intermediates, thus
encouraging nucleation. Arp2/3 is activated by WASP proteins — a group of nucleation

promoting factors (NPFs) — which induce conformational changes in Arp2/3 and deliver the
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first actin monomer to the complex (Padrick et al., 2011). This complex then catalyses the
formation of ‘daughter’ filaments which branch off ‘mother’ filaments at 70° angles. Arp2/3
depends on membrane bound nucleation promoting factors, and this ensures the creation
of anisotropic actin filaments (Bieling et al., 2016). Formins are also important nucleation
proteins that bind to the barbed end of spontaneously formed actin dimers/trimers with
their donut-shaped FH2 domains, where they help stabilise the otherwise unstable
dimers/trimers (Chesarone and Goode, 2009). One particular formin protein that promotes
actin nucleation is the formin mdial which is interestingly activated through RhoA binding
(Lessey et al., 2012), revealing that RhoA signalling mediates both contractility and
polymerisation. A further essential protein involved in actin polymerisation is profilin which
catalyses the exchange of ADP for ATP in the actin monomers, refreshing the pool of ATP
bound monomers ready for assembly (Pollard and Borisy, 2003). When bound to actin
monomers however, profilin strongly inhibits the nucleation and elongation of actin

filaments at the pointed end (Pollard and Cooper, 1984).

1.4.2.2 Actin elongation factors

The other category of actin regulatory proteins is the actin elongation factors which help
control the rate of elongation through moving with the barbed ends of actin filaments and
shielding them from capping proteins which significantly limit filament length and typically
have a high association rate (Chesarone and Goode, 2009). Formins — already characterised
as a nucleation factor, also act as elongation factors through a similar mechanism to their
nucleation enhancing process. They influence the rate of elongation via the processive
binding to filament barbed ends via their dimeric FH2 domains, preventing filament
annealing and blocking the binding of capping proteins (Courtemanche, 2018). Profilin has a
high affinity for polyproline and formins encourage recruitment of profilin-actin monomers
through polyproline tracts contained within the FH1 domains of formins. After binding to the
FH1 domain (increasing the local concentration at the barbed ends), the profilin-actin is
delivered to the FH2 domain of formin, whereupon the profilin dissociates due to a weak
affinity with the barbed end, allowing incorporation of the actin monomer into the filament
(Courtemanche, 2018). Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) is
another elongation factor known to prevent association of capping proteins, whilst
promoting recruitment of profilin-actin to the barbed ends (Barzik et al., 2005). Ena/VASP
works as a tetramer with distinct polyproline rich regions that form regulatory, recruiting and

loading modules. Through the action of these regions, Ena/VASP acts through processing
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profilin-actin and directing its transition to the GAB domain where it can then join the barbed

end of the actin filament (Ferron et al., 2007).

1.4.2.3 Mechanical signals affect actin polymerisation

Actin polymerisation is a mechanically sensitive event, with tensile forces regulating the
polymerisation activity of various actin nucleators. Tension dependent changes in the rate of
formin mediated elongation of actin filaments for example have been observed in multiple
experiments (Courtemanche, 2018), with an isoform specific response but a general increase
in elongation rate when under tension. This is due to conformational changes induced in the
formins, with applied force encouraging the FH2 dimer to adopt an open conformation which
favours polymerisation (Courtemanche, 2018). The end-to-end length of the FH1 region can
also influence the rate of polymerisation, with increased distances resulting in a lower
probability of collision with the barbed end, and therefore slower polymerisation. This can
be altered mechanically, with force application to the highly disordered FH1 domain
revealing the binding site, and thus promoting the capture and binding of profilin-actin
(Bryant et al.,, 2017). The mechano-sensitivity of formin mediated elongation appears
dependent on the presence of profilin, with polymerisation slowing down in the absence of
profilin, but elongation rates increasing when profilin is present (Harris et al., 2018). The
network structure of actin can be significantly affected when polymerisation is directed
against force, with filament density increasing with forces that stall network growth (Bieling
et al., 2016). Remarkably, actin networks appear to respond to and ‘remember’ their loading
history with newly formed networks being stronger after having been historically subjected
to increasing loads (Bieling et al., 2016). Actin networks typically assume dendritic geometry,
with 70° branch points generated by Arp2/3, however under increased tension, this network
becomes denser, exhibiting a broader range of angles (Mueller et al., 2017). When force was
applied to cells subjected to the myosin Il inhibitor blebbistatin which stops contractility,
actin polymerisation was induced at focal adhesions but was dependent on the presence of
the actin regulatory protein zyxin (Hirata et al., 2008b). Zyxin accumulation at focal adhesions
was induced by stretching the cells, suggesting zyxin has a role in mechanosensation and

altering the polymerisation of the cytoskeleton in response to the exogenous environment.

As well as linking with focal adhesions, the actin filaments also link with adherens junctions
(cell — cell) contacts, another important aspect of mechano-sensing discussed earlier. There
are indications that actin actively and directly involved in sensing mechanical triggers, with

the cofilin mediated action of severing actin filaments displaying tension dependence when
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force was applied to single actin filaments (Hayakawa et al., 2011). Recapitulating actin
network formation in vitro also demonstrated how direct force application resulted in a
denser structure of filaments, more free ends for branching, increased stiffness, yet
decreased incorporation of actin monomers (Bieling et al., 2016). This study highlighted how
the energy efficiency of actin acting as a motor increased under tension, but its approach did
not investigate the mechanisms through which force alters the network formation. Further
direct evidence for actin acting as a tension sensing cellular component is sparse (Harris et
al., 2018), but evidently external forces lead to altered actin organisation, be it through direct

mechanosensing or through regulatory proteins.

1.4.3 Microtubules

Microtubules are involved in mechanotransduction to an extent. These comprise the stiffest
aspect of the cytoskeleton (Martino et al., 2018b) and are essential for multiple cellular
processes including intracellular organelle transport, polarisation and chromosome
separation (Cooper, 2000). Microtubules are composed of tubulin, a globular protein which
is a dimer composed of a- and B- tubulin. Tubulin forms microtubules through
polymerisation where they form head to tail arrays of the tubulin dimers that are assembled
around a hollow core. These arrays are called protofilaments and usually there are 13 of
these gathered around the core, where they create the polarised microtubule (Cooper,

2000).

Microtubules have been shown to exhibit a responsiveness to mechanical stress, though are
less directly involved in mechanotransduction than the actin cytoskeleton. This mechano-
sensitivity been evidenced by the alighment of mitotic spindles parallel to the direction of
force applied to stretched mitotic cells (Fink et al., 2011). Importantly, the microtubules bind
to certain proteins involved in transducing mechanical signals directly to the nuclear
envelope (Graham and Burridge, 2016) (see Chapter 1.6). These proteins include Sun2,
Nesprin-1 and Nesprin-2 which are all components of the LINC complex, an essential
mediator of nuclear structure and chromatin organisation. When microtubules and SUN2
were perturbed in human adipose derived stem cells in vitro, differentiation and
adipogenesis was significantly modulated (Y. Yang et al., 2018). This study proposed that the
microtubules form a high-density cobweb-like structure around the nucleus where it may
help regulate nuclear shape and thus direct cell fate. The demonstration of durotaxis in MSCs
(Vincent et al., 2013) highlighted the importance of microtubules for directed migration due

to their role in MSC polarisation. Actin was shown as essential for non-directional migration
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and cell spreading, but seems to work synergistically with the microtubules to permit

directed migration.

1.5 Shuttling proteins involved in mechanotransduction.

The second method of mechanotransduction other than the role of physical changes in the
cytoskeleton is the shuttling of proteins to deliver messages from the cell membrane to the
nucleus upon reception of mechanical information. There are multiple proteins involved in

these signalling cascades, many with important roles as transcriptional regulators.

1.5.1 Zyxin

The aforementioned protein zyxin is one such messenger of mechanical signals. Zyxin is
known as a focal adhesion protein that is involved in integrin dependent cell motility through
its cooperation with a-actinin and Ena/VASP, affecting actin polymerisation and contractility
(Crawford et al., 1992; Hoffman et al., 2006). This protein has been observed to shuttle
between the focal adhesions and the nucleus — which raised the idea that it may be involved
in regulating gene transcription following mechanical stimuli (Nix and Beckerle, 1997; Sun et
al., 2012). The LIM domains of zyxin are particularly important regarding its activity at focal
adhesions and in the nucleus. LIM domains have diverse biological functions, with certain
cytoplasmic LIM proteins displaying the ability to regulate actin dynamics, and others acting
as transcription factors and providing a regulatory role (Kadrmas and Beckerle, 2004). LIM
domains share a similar structural organisation with zinc-finger DNA-binding sequences
however it is likely that the LIM domains do not directly bind DNA; instead, LIM proteins may
interact with transcriptional complexes and possible modulate the spatial distribution and
therefore activity of transcription factors (Petit et al., 2000). A high percentage of LIM
proteins are found at focal adhesions, as is the case for zyxin, with the LIM domains enabling
the binding of important focal adhesion proteins. Overexpression of the LIM region of zyxin
results in mislocalisation of endogenous zyxin from focal adhesions as well as alterations in
the actin cytoskeleton (Nix et al., 2001). Zyxin is only observed transiently in the nucleus, and
its shuttling between the cytoplasm and nucleus is driven by altered binding kinetics (Wang
et al., 2019). This shuttling is at least partly controlled by a nuclear export region in the
protein, and deletion of this signal induces a nuclear build-up of zyxin (Nix et al., 2001).
Despite knowledge of its presence in the nucleus, the regulatory activity of zyxin on gene

expression has not been fully investigated.

1.5.2 B-catenin
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B-catenin was one of the first proteins involved at junctions discovered to have a shuttling
ability. This protein is closely associated with E-cadherin, with an essential role in linking it to
the actin cytoskeleton, but it has another important role in signalling — specifically in the
canonical Wnt signalling cascade (Valenta et al., 2012). Wnt signalling is vastly important for
cellular processes, regulating aspects such as cell fate determination, motility, polarity and
more (Komiya and Habas, 2008). Originally, B-catenin was discovered through two
independent instances, one on the basis of it as a structural protein (Ozawa et al., 1989), and
the other through discovering it as a signalling molecule in drosophila (Wieschaus et al.,

1984), thus it is clear that its functions are wide ranging.

Newly synthesised B-catenin is first recruited to E-cadherin where it is immobilised. Here at
the Als it interacts with a-catenin where it can assist in regulating the organisation of the
actin cytoskeleton (see Chapter 1.3.2). Downregulation of E-cadherin and the activity of
protein kinases allow the of release B-catenin into the cytoplasm (Valenta et al., 2012). In
the absence of Wnt signalling, cytoplasmic B-catenin is degraded by the proteasome after
phosphorylation and subsequent ubiquitination by the destruction complex (Stamos and
Weis, 2013). The degradation of B-catenin by the destruction complex is preventable through
Whnt signalling which results in increase of cytoplasmic B-catenin. Upon this build-up, B-
catenin is able to translocate to the nucleus where it associates with TCF/Lef proteins and
converts them into TCF/B-catenin transcriptional activators, promoting the transcription of

target genes downstream of the Wnt pathway (Valenta et al., 2012).

An important part of the destruction complex is the glycogen synthase kinase 3 (GSK-3) which
phosphorylates the B-catenin, thus targeting it for degradation (Stamos and Weis, 2013).
GSK-3pB can be inactivated itself through phosphorylation, and this prevents the degradation
of B-catenin. Mechanically stretching osteoblastic cells causes an increase in GSK-3f
phosphorylation, and elevated levels of nuclear B-catenin (Li et al., 2018). Accordingly, the
activity of the transcription factor TCF was also enhanced, along with increased expression
of Wnt target genes. The binding level of B-catenin to E-cadherin was also significantly
reduced under tensile stress, potentially due to the structural deformation of the
cytoskeleton and cell membrane disrupting the B-catenin — E-cadherin complex (Li et al.,

2018).

Wnt/B-catenin signalling is also increased in lymphatic endothelial cells undergoing
oscillatory shear stress, with increased levels of active B-catenin found in the cells under

stress (Cha et al., 2016). One suggested mechanism through which this occurs is due to
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receptor tyrosine kinases which inhibit catenin-cadherin binding at the junctions and
promote nuclear translocation of B-catenin (Cha et al., 2016). Certain receptor tyrosine
kinases (Ret, VEGFR2 and VEGFR3) are mechanoresponsive and can be activated through
mechanical strain (Cha et al., 2016; Coon et al., 2015; Fernandez-Sanchez et al., 2015). It was
shown that B-catenin binding to VE-cadherin could be reduced through stretching, however
this study curiously saw no reduction in B-catenin to E-cadherin binding under stress
(Adkison et al.,, 2006). There is evidently a significant role of PB-catenin in
mechanotransduction, with mechanical forces playing a role in increased activation of
canonical Wnt signalling due to increasing the nuclear shuttling of B-catenin. The exact

means and conditions through which it is activated still require further elucidation.

B-catenin is also closely linked to the epithelial to mesenchymal transition (EMT), a process
with strong relevance to in vitro cell culture, particularly when using cancer cell lines
(Fontana et al., 2019; Pal et al., 2019). A common feature of cancer, cells undergoing EMT
lose their epithelial characteristics and adopt a highly motile and invasive mesenchymal stem
cell phenotype. Wnt signalling is a key pathway involved in EMT (Mylavarapu et al., 2019)
and one of the downstream targets of this pathway is the transcription factor Twist which
downregulates E-cadherin, and induces N-cadherin.(Yang et al., 2004). Loss of E-cadherin at
the cell membrane and increased N-cadherin is a hallmark of EMT (Mylavarapu et al., 2019;
Valenta et al., 2012), and this loss of E-cadherin is linked to more free cytoplasmic B-catenin,

potentially further increasing the transcription of genes that promote EMT.

1.5.3 YAP/TAZ

In recent years, yes-associated protein (YAP) and WW Domain-Containing Transcription
Regulator Protein 1 (WWTR1/TAZ) have emerged as critical shuttling proteins involved in
mechanotransduction that are not associated with the focal adhesions (Martino et al.,
2018a). These proteins are transcriptional co-activators that are regulated downstream of
the Hippo pathway. The TEAD family of transcription factors have a major role in mediating
the transcriptional activity of YAP/TAZ, forming a transcriptional module with nuclear
YAP/TAZ to transcribe downstream target genes (Hansen et al., 2015). The Hippo pathway
affects the cell in multiple ways, regulating organ size, cell fate, tissue homeostasis and
tumour progression (Chang et al., 2020). Hippo signalling inhibits YAP through Lats mediated
phosphorylation, which results in cytoplasmic retention and degradation of YAP (Zhao et al.,
2010). The Hippo pathway is also involved in Wnt signalling, with cytoplasmic TAZ possessing
the ability to inhibit phosphorylation of dishevelled (DVL) a protein in the Wnt pathway
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whose phosphorylation precedes B-catenin activation (Varelas et al., 2010). Loss of TAZ
results in increased accumulation of cytoplasmic and nuclear B-catenin in TAZ-null mice,

demonstrating the link between the two pathways (Varelas et al., 2010).

The Hippo pathway and YAP/TAZ are substantially involved in mechanotransduction (see
Figure 1.3), Yap is sensitive to contact inhibition with the expression of E-cadherin preventing
the localisation of Yap in the nucleus of MDA-MB-231 cells (Kim et al., 2011). Yap is
inactivated through phosphorylation by the Lats tumour suppressive kinase which shows
increased activity in high density cultures. Phosphorylation of Yap at specific serine sites by
Lats helps retain cytoplasmic Yap through creating a binding site for the scaffolding protein
14-3-3 which sequesters it in the cytoplasm (Zhao et al., 2007). Increased phosphorylation of
Yap and exclusion from the nucleus in high density cultures correlates with this (Zhao et al.,
2007). The wound edge of scratched cultures resulted in the induction of YAP nuclear
localisation, and YAP overexpression results in the expression of genes that promote
proliferation, with an opposite expression profile to that of confluent cells (Zhao et al., 2007).
A set of the core proteins in the Hippo pathways — the Hpo/mammalian Ste20-like kinases
1/2 (MST1/2) —were found to be colocalised with F-actin and were activated upon disruption

of the actin cytoskeleton (Densham et al., 2009).

Morphology and the formation of stress fibres appears to significantly affect the Hippo
pathway as well, with rounder more compact cells containing more cytoplasmic Yap and
flatter cells exhibiting more nuclear Yap (Wada et al., 2011). Phosphorylation (inactivation)
of Yap is also affected, with stress fibre disruption by CytoD treatment resulting in a rounder
cell morphology and increased Yap phosphorylation. Consistent with this, highly
phosphorylated Yap was present in higher cell densities which gives rise to a rounded
morphology, and vice-versa in low densities where the Yap was more localised to the nucleus
(Wada et al., 2011). It appears then that actin stress fibres inhibit the Hippo pathway via
interference directly with or upstream of Lats, which results in reduced phosphorylation of
Yap and higher nuclear localisation (Wada et al., 2011). This is strong evidence for the
mechanosensitive nature of Yap which corroborates with its sensitive nature to cell to cell

contacts (Zhao et al., 2007).

Actin polymerisation appears to positively regulate Yap activity too, with the actin severing
proteins Cofilin and Gelsolin appearing to antagonise Yap functioning in cells with low
mechanical stress (Aragona et al.,, 2013). On the other hand, a formin-related actin

polymerisation driver protein called Diaphanous promotes Yap nuclear translocation (Gaspar
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and Tapon, 2014). Interestingly, the Hippo pathway may also regulate the assembly of actin
filaments, with reduction of Hippo pathway activity resulting in abnormal F-actin
accumulation (Ferndndez et al., 2011). There is evidently signalling in both directions
between the Hippo pathway and the cytoskeleton which is key for the mechanosensitive

nature of Yap activity/nuclear shuttling.
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Figure 1.3: Softer substrates with increased cell to cell contacts inhibit YAP/TAZ activity
through LATS mediated phosphorylation.

Figure adapted from (Hansen et al., 2015). A number of effectors requlate YAP either directly
through the Hippo pathway or through interacting signalling pathways. When the Hippo
pathway is active, YAP/TAZ is inactivated through LATS1/2 mediated phosphorylation,
increasing cytoplasmic retention and proteasomal degradation of YAP/TAZ, and this inhibits
wnt signalling. When the HIPPO pathway is inactive, hypophosphorylated YAP/TAZ nuclear
translocation is increased allowing TEAD mediated transcription of downstream genes and
increased proliferation. Stiff substrates positively regulate YAP/TAZ activity through RHO
signalling. In softer substrates, nuclear membrane pores are more mechanically resistant to
entry of transcription factors compared to more permissive pores in stiffer substrates which
also contributes to increased YAP/TAZ nuclear translocation (Alisafaei et al., 2019). Created

with BioRender.com.
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Finally, one more mechanism through which Yap activity may be altered is the mechanical
link between the cytoskeleton and the nucleus. The LINC complex will be discussed in more
depth below, but this consists of multiple proteins and provides a physical link between the
nucleus and cytoskeleton. Tensile forces produced from the cytoskeleton and transferred to
the nucleus were shown to be essential for stretch based YAP/TAZ activation (Driscoll et al.,
2015). One protein in the complex — Nesprin 1 — seemed particularly key in enabling the
transfer of cytoskeletal strain to the nucleus, with said transfer being compromised upon
reduced Nesprin-1 giant levels, leading to a reduced YAP response to dynamic stress (Driscoll
et al., 2015). While YAP is known to promote proliferation, its role in mechanotransduction
is potentially more related to promoting the transcription of genes involved in cell-matrix

interaction, ECM composition and cytoskeleton integrity (Martino et al., 2018a).

1.6 The Nuclear Envelope and the LINC complex

Changes in the morphology of the cell and the organisation of the actin cytoskeleton have
been shown to have marked effects on the expression of genes and on the biological
functions of the cell. These changes arise through the linker of nucleoskeleton and
cytoskeleton (LINC) protein complex that couples the actin cytoskeleton to the nuclear
lamina (see Figure 1.4). This is found in the inner (INM) and outer nuclear membrane (ONM)
of the nuclear envelope and contains multiple components; SUN and nesprin proteins
(Martino et al., 2018b). The nuclear envelope is considered a regulator of both physical
connections between the cytoskeleton and the nucleus, but also a biochemical regulator
(Uzer et al., 2016). Underneath the nuclear envelope lies the nuclear lamina; a network
consisting of lamins and lamin associated proteins, with a role of providing mechanical
support to the nucleus. Pertinently it also regulates chromatin organisation (Gruenbaum et
al., 2003), amongst other nuclear related functions such as DNA replication and RNA
transcription. The nuclear envelope lamina spanning complexes (NELSCs) bind chromatin
and affect its structure due to force transmission, and the consequent change in the 3D
arrangement of genes in the chromosomal territories affects the expression of genes (Gieni
and Hendzel, 2008). Nuclear integrity is vital in protecting the components of chromatin from
the cytoplasm, with nuclear envelope ruptures making DNA susceptible to damage from
nucleases for example. This manipulability of the nucleus is dependent on the expression of
lamin A/C, with deficiency of this resulting in irreversible nuclear deformation (Cao et al.,

2016).
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In addition to the importance of lamins in the mechanical behaviour of the nucleus, they are
closely implicated in severe disease when mutated (laminopathies). At least 15 diseases are
attributed to mutations in LMNA, ranging from muscular dystrophies to progerias (Schreiber
and Kennedy, 2013). These diseases affect a diverse range of tissues and functions, indicating
the essential role that lamins have in maintaining healthy physiological function. LMNB1 and
LMNB2 mutations are also linked to rare diseases such as adult-onset leukodystrophy
(LMNB1 autosomal dominant mutations). Mechanistically, there is evidence that LMNA
mutations lead to altered signal transduction pathways including B-catenin / Wnt and
mechanical stress signalling, which can be linked to gain-of-function toxicity and/or loss of

function (Schreiber and Kennedy, 2013).

1.6.1 Nesprins

The nesprin proteins in the LINC complex are located at the ONM and interact with SUN
proteins through a C-terminal KASH domain conserved across the five mammalian Nesprin
genes (SYNE 1-4, KASH5) (Graham and Burridge, 2016). The different nesprins are
responsible for binding separate cytoskeletons. Nesprin-1 and -2 are actin binding, but can
also connect with microtubules, nesprin-3 binds to intermediate filaments, and nesprin-4
and KASH5 indirectly bind to microtubules albeit through separate mechanisms (Graham and
Burridge, 2016). KASHS5 is specific to cells undergoing meiosis and is important for telomere
localisation (Morimoto et al., 2012). The giant nesprins (nesprin-1 and -2) bind F-actin
through their N-terminal domains (Mellad et al., 2011) and nesprin-3 binds to the

intermediate filaments via the IF linker protein plectin (Bouzid et al., 2019).

These proteins are essential for transduction of cytoskeletal tension to the LINC complex;
nesprin-2 giant for example is subject to actomyosin dependent mechanical tension in
fibroblasts (Arsenovic et al., 2016), demonstrated through a fluorescent resonance energy
transfer (FRET) biosensor. This is purported to be one of the primary ways through which the
nuclear shape is altered as a result of myosin dependent cellular shape changes. This
deformation of the nuclear shape as a result of cellular tension has been demonstrated
multiple times (Hu et al., 2004; Lombardi et al., 2011; Lovett et al., 2013) and these studies
further consolidate the role of the LINC complex in directing nuclear morphology through its
cytoskeletal links. One such study highlighted this through disruption of the LINC complex
which resulted in disturbance to the perinuclear actin, along with impaired nuclear
positioning, cell polarity and disrupted intracellular force transmission (Lombardi et al.,

2011). This study also investigated alterations in mechanosensitive gene expression of Egr-
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1, lex-1, Pai-l, Tenascin C, Talin and Vinculin upon LINC disruption; but these curiously did
not exhibit the expected reduced expression suggesting that nuclear deformation is not
necessarily a modulator of the expression of at least this set of mechanosensitive genes. The
organisation and shape of the nucleus is important biologically due to the connection of the
LINC complexes to nuclear chromatin (Rashmi et al., 2012). It is believed that nesprins and
nuclear structure may act a transcriptional regulator through bringing the chromatin ‘into a

surrounding favourable or unfavourable for activity’ (Rashmi et al., 2012).

1.6.2 SUN proteins

The SUN proteins are the second main component of the LINC complex, and these lie in the
perinuclear space between the two membranes in the nucleus. The KASH domain proteins
(nesprins) have various complimentary SUN proteins, meaning there are multiple LINC
complexisoforms (Bouzid et al., 2019). The SUN proteins consist of nucleoplasmic N-terminal
domain, a transmembrane helix that crosses through the INM with a SUN domain at the C-
terminal tail (Cain and Starr, 2014) in the perinuclear space which binds with the C-terminal
domain of the nesprins (Bouzid et al., 2019). The balance of Sunl and Sun2 proteins in the
LINC complexes can directly affect gene expression through the Serum Response
Factor/Megakaryoblastic Leukemia 1 (SRF/Mk11) transcription factor/co-activator complex.
Sun2 promotes a positive feedback loop comprising of this complex, whereas Sun1l inhibits
it (May and Carroll, 2018). Sun1 is more efficiently incorporated into the LINC complex than
Sun2, however SRF/Mk11 signalling increases Sun2 incorporation, revealing a dynamic
interplay between the SUN proteins and SRF mediated gene expression (May and Carroll,
2018). The SUN proteins form trimers with the helixes spanning to the transmembrane
domain and potentially act as ‘molecular rulers’ to ensure that the nuclear envelope is evenly
spaced when cells are under high mechanical strain (Cain and Starr, 2014), suggesting that
these proteins are key for maintaining mechanical integrity of the nucleus. SUN proteins
interact indirectly with the nucleus through interacting with lamin A (Martino et al., 2018a)

where it may indirectly interact with chromatin.

1.6.3 The nucleoskeleton

The nucleoskeleton encompasses multiple mechanical structures within the nucleus — the
lamina, actin, multi-subunit proteins and chromatin (Dahl and Kalinowski, 2011). This multi-
faceted structure has a significant role in the organisation of chromatin, with tension both

inside and outside of the nucleoskeleton markedly altering how chromatin interfaces with
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the INM which influences differentiation, division and wide ranging aspects of cell biology

(Ungricht and Kutay, 2017).

The nuclear lamina is able to cope with various mechanical insults due to its unique structure
which consists of A- and B- type lamins that assemble into tetrameric filaments (Turgay et
al.,, 2017). The nuclear lamina is capable of interacting both directly and indirectly with
chromatin (Burke and Stewart, 2013; Butin-Israeli et al., 2012; Link et al., 2015). Lamins are
able to adapt the nuclear structure according to cellular morphology through changes in their
mechanical folding and phosphorylation (Cho et al., 2017). The transcription and expression
of lamins is sensitive to substrate stiffness and the presence of retinoic acid, and is
upregulated in cells grown stiffer substrates with RARy, resulting in a stiffer nucleus (Swift et
al., 2013). Knockout of lamin B1 (LB1) revealed a mechanism through with the lamins are
able to control transcription and chromatin organisation; LB1 deficient nuclei exhibited the
formation of nuclear blebs that contained gene rich euchromatin. Therefore, this study
proposed that LB1 is essential for the organisation of lamin A/C and LB2 microdomains which
have various functions in chromatin organisation and gene regulation (Shimi et al., 2008).
RNA polymerase Il transcription was also reduced in LB1 deficient cells indicating a direct
role of LB1 in affecting the transcriptional machinery. The transcription of certain genes is
also dependent on being tethered to nuclear pore complexes (NPCs) (which were absent in
the blebs) suggesting that genes linked to the B-type lamin microdomains might not be
activated unless in the presence of NPCs (Shimi et al., 2008). Nuclear pore complexes are
associated with the expression of Sunl, as depletion of Sunl resulted in NPC clustering

suggesting it plays a role in their distribution (Liu et al., 2007).

Nuclear actin is also closely linked to chromatin dynamics; short filamentous actin for
example has been observed in the nucleus where it may associate with lamins and potentially
act as a scaffold/matrix to help organise various nuclear components, including the altering
of intranuclear transport of RNA (Belin et al., 2013). Non polymeric actin acts as a co-factor
to many gene transcription factors too, demonstrating further importance of actin in
regulating gene expression (Virtanen and Vartiainen, 2017). Nuclear actin has also been
shown to directly modify chromatin organisation (Le et al., 2016; Miroshnikova et al., 2017),
with mechanical signals being transduced into the nucleus through the perinuclear actin ring
formed with the help of myosin IIA and emerin. Emerin helps anchor SUN proteins to lamin
A and also is a direct interactor with chromatin (Martino et al., 2018b). The perinuclear ring

facilitates F-actin polymerisation around the nucleus upon mechanical strain, whereupon
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emerin also dissociates from lamin A/C, highlighting an actin dependent mechanosensory
aspect to the nucleus. These alterations in the perinuclear cap are correlated with a decrease
of non-polymeric actin in the nucleus, which resulted in a reduction of transcriptional activity
revealing a clear link between the organisation of the actin cytoskeleton and gene expression

(Le et al., 2016).

The interplay between the nuclear envelope and the nucleoplasm is important in the
mechano-sensitivity of cells. Differentiated stem cells for example exhibit increased nuclear
stiffness over their pluripotent counterparts; a result of lamin and chromatin reorganisation
that then alters the cell’s ability to respond to external mechanical cues (Heo et al., 2016a).
This allows the cell to prime itself in relation to how it responds to mechanical cues, with
sensitisation of the transduction apparatus arising from increased nuclear stiffness (Heo et
al., 2016a). The nucleoskeleton may compensate for stiffer nuclei by increasing stress and
deformation at the LINC complexes, and the ECM through focal adhesions. In the transition
from pluripotent to differentiated cells, the nucleus is reconfigured to behave as a stress
concentrator, with an increase in calcium mobilisation which may impact lamin processing
(Heo et al., 2016a). Indeed, in human adipose derived stem cells, LINC complex density was
seen to increase after 4 days of adipogenesis, indicating that nuclear reinforcement was
occurring to maintain stability under mechanical strain (Y. Yang et al., 2018). In tandem with
this, the cytoskeleton decreased in density, which highlights the balance and interplay
between the nucleoskeleton and cytoskeleton. These two cellular components may act like
a molecular ‘seesaw’ to maintain mechanical integrity of the cell; upon the strengthening of
one, the other weakens. The fact that the nucleus is a dynamic mechanical element of the
cell means that it is able to constantly adjust to the demands of the surrounding environment
and can modulate the mechano-sensitivity of the cell accordingly. Differences in nuclear
stiffness are also lineage specific, and lamin A levels appear to aid in guiding cells towards
specific fates, potentially due to their ability to affect gene expression through alterations of

nuclear structure (Shin et al., 2013).

1.6.4 Chromatin organisation

Chromatin is found in the nuclear interior and is essential in packing the vast amount of DNA
into the nucleus through forming a tightly wound complex consisting of DNA wound around
histone proteins (Tsompana and Buck, 2014). The structure and location of chromatin are
correlated with the function of the cell, with densely packed chromatin (heterochromatin)

mainly being transcriptionally inactive, and the more openly structured euchromatin being
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much more transcriptionally active (Dahl et al., 2008). Heterochromatin is often found near
the periphery of the nucleus whereas euchromatin is more commonly found at the interior.
One main driver for epigenetic regulation of cell function is remodelling of chromatin
through post-transcriptional modifications such as methylation and acetylation, which
permits the chromatin to shift between hetero- and euchromatin (Miroshnikova et al., 2017).
However heterochromatin — being mainly located at the periphery — is physically linked via
lamin-associated chromatin domains (LADs) to the nuclear envelope, and is structurally
dynamic (Miroshnikova et al., 2017). Changes in chromatin dynamics generate mechanical

forces which are also transduced to the nuclear envelope through the associations between

lamin and chromatin (Kumar et al., 2014).
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Figure 1.4: The actin cytoskeleton transmits force to the nucleus through the LINC complex.

Figure adapted from (Martino et al., 2018b). The LINC complex is primarily formed from
SUN1/2 proteins and nesprins. SUN proteins span the inner nuclear membrane, and closely
associate with the nuclear lamina through interactions with the lamin proteins, emerin and
small INM nesprin isoforms (Rajgor and Shanahan, 2013). SUN proteins bind to the C-terminal
KASH domain on nesprins in the perinuclear space (Martino et al., 2018b). Nesprin-1/2
directly links to the actin cytoskeleton through an actin binding domain (Taranum et al.,
2012). Force can be transmitted to the nucleus from the ECM due to the close nuclear-

cytoskeletal coupling. Created with BioRender.com.
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Chromatin is a highly deformable component of the nucleus, possessing viscous and elastic
properties (Bouck and Bloom, 2007) whilst also playing an important role in defining the
mechanical properties of the nucleus as a whole. Only through the liquid-like properties of
chromatin are cells able to maintain genetic integrity and remain damage free when existing
on or moving through matrices that demand cellular deformation (Cao et al., 2016). As
mentioned, external mechanical forces are capable of altering the mobility and positioning
of chromatin (Booth-Gauthier et al., 2012) which has profound consequences on the cell.
The chromatin can be considered a rheological element of the nucleus that is able to adapt
mechanically to changes in cellular and nuclear structure. The arrangement of chromatin
directly affects its mechanical properties with the tightly packed heterochromatin and the
loosely packed euchromatin exhibiting differential viscosity measurements (Spagnol and
Dahl, 2016). This also impacts the properties of the nuclear interior, with a more viscous
environment being evident after de-condensation of the tightly packed heterochromatin
(Spagnol and Dahl, 2016), and it is hypothesised that the ability of chromatin to stiffen upon
condensation means that chromatin itself plays a role in stress absorption (Miroshnikova et
al., 2017). The condensation of chromatin restricts the access of transcription machinery but
is still selective by allowing the expression of certain constitutively expressed genes. One
study showed that when cells are subjected to mechanical stress, the immediate response
(within seconds) is that the chromatin alters its conformation to an open state, and this
increases transcription. The sustained response however (after 10 minutes) results in an
increase of heterochromatin due to ATP mediated chromatin condensation, and this results
in reduced expression of genes residing in those regions (Heo et al., 2016b), though other
studies have shown that on stiffer substrates, chromatin is more permanently decondensed
(Alisafaei et al., 2019). Chromatin dynamics are evidently a complex aspect of

mechanobiology and there is still more to be done to fully clarify the mechanics involved.

There is large body of evidence pointing towards the bi-directional relationship between the
nucleus and the cytoskeleton (Burridge et al., 2019), with the nucleus showing a clear
sensitivity to mechanical forces exerted through alterations in mechanical properties of the
ECM (Haase et al., 2016). To some degree, nuclear stiffening as a result of cytoskeletal forces
might be an inherent mechanism to protect and preserve chromatin structure and
organisation from excessive strain (Guilluy and Burridge, 2015). However, it would appear
that chromatin organisation is altered between different substrate geometries (Alisafaei et
al., 2019), meaning that the tight linkage between the cytoskeleton and the nucleus does

appear to have profound impacts on the epigenetic profile of the cell. Indeed, this study by
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Alisafaei et al. provided a thorough mechanical insight into how the shape of a cell — as
guided by substrate mechanics — has a direct effect on the nucleus. Longer elongated cells
resulted in increased stress fibres, nuclear lamina stiffening and chromatin loosening
compared to more spherical cells where actomyosin contractility was disrupted and

chromatin condensation occurred.

It is very clear that from the cell surface, right down to the nucleus and chromatin itself, that
the mechanical microenvironment has profound implications on cell biology. While this has
not provided an exhaustive list of all involved aspects of mechanotransduction, it has shown
a set of key factors that influence this process and demonstrated the inherent complexity
that guides gene expression as a result of cell morphology. This demonstrates the
importance of considering the microenvironment when creating an in vitro model, and
indicates why 3D cultures often exhibit more physiologically relevant properties over 2D;

because they more closely mimic the structural properties of the native tissue.

1.7 Issues with 2D Cell Culture: Is 3D Cell Culture the Solution?

As previously described, there is a very strong rationale for trying to more closely mimic
physiological structures when developing in vitro models. However, this is not necessarily a
simple ask, and to truly invoke a change in research, there needs to be a paradigm shift
towards deeper consideration of matching the cell-based models to their native tissue
architecture. This will largely involve evolution in the cell culture techniques used; 2D cell
culture (commonly on a flat polystyrene surface) is currently the most popular way to
maintain cells, either primary or immortalised, for the purpose of drug tests, model
production and more (Edmondson et al., 2014a). 2D cell culture is however inherently non-
physiological as the flat surface of culture flasks lack the complex 3D interactions present in
the body. As described, a 2D substrate is often stiffer than a 3D counterpart, and this
mechanical property results in altered cell morphology and, as a consequence of
mechanotransduction, altered cell biology. These changes result in a phenotype that differs
from the phenotype of the cells in vivo, and therefore this raises an issue with biological
validity, with 2D cells showing a range of poorer physiological properties including poorer

differentiation , and vastly different gene expression to 3D cultures (Langhans, 2018).

The issues with poor physiological relevance have wide ranging impacts. In the clinical trial
pipeline, drugs are commonly tested on in vitro cultures before being moved to animal and

eventually human trials. In these later, and more expensive stages of the clinical trial pipeline
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there is a extraordinarily high number of failed candidates, with data from 2013 highlighting
that less than half of drugs pass Phase Il and Phase lll clinical trials. Over 50 % of these failures
are attributable to a lack of efficacy, and over 25 % are due to an inaccurate therapeutic
(safety) index (Arrowsmith and Miller, 2013). These numbers are a stark reminder that there
is a drastic need for improved in vitro models to filter out unsuccessful candidates at an
earlier stage to save both a significant amount of time and money. With the vastly improved
metabolic profiles of 3D cells over 2D, they are often more accurate in predicting efficacy of
drugs and preventing false positives (Jensen and Teng, 2020). Furthermore, stem cells
cultured in 2D have been shown to be inappropriate for large scale randomized clinical trials
due to the decrease in replicative ability (Jensen and Teng, 2020). 2D cells are also only
partially polarised with significant differences observes in viability, morphology, proliferation
and differentiation (Chaicharoenaudomrung et al., 2019), with the often higher proliferative

rates in 2D leading to difficulties in facilitating long term cultures due to over-confluence.

The current and promising solution to this issue is 3D cell culture; growing cells in a 3D
microenvironment that more closely mimics the structure of the ECM. This is a rapidly
growing area of research with the number of papers focussing on 3D culture having
drastically increased since the late 1990s (Jensen and Teng, 2020). The various techniques of
3D cell culture are wide ranging, with many different applications and in many cases, they
provide enhanced functional properties in the models. This provides a significant leap
towards resolving the issues that arise with 2D cell culture, however using a consistent cell
type between different models yields largely varied structural and functional phenotypes
and a complete recapitulation of the in vivo phenotype of any cell line is yet to be seen. Table
1 highlights some of the key differences between 2D and 3D culture, and this demonstrates
the advantages of culturing cells in 3D. Strangely, there has been a notable lack of research
that investigates the connection between mechanotransduction and improved 3D in vitro
models, with most mechanotransduction research being focussed on the molecular
pathways that arise from altered mechanical properties in the microenvironment. This
project attempts to start bringing the two research areas of mechanobiology and applied in
vitro research together to help further bridge the gap between structure and function.
Despite the generally improved functional and physiological properties of 3D cultures,
standard 2D cultures do have advantages in some areas, such as generally high
reproducibility, which is lost to some extent in certain 3D cultures due to the more variable
qualities of certain 3D technologies (Chaicharoenaudomrung et al., 2019). Additionally 2D

cultures are often significantly cheaper to produce due to lower manufacturing costs
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Table 1.1: Cellular differences between 2D and 3D culture. Adapted from

(Edmondson et al., 2014a)

Cellular aspect

changing

2D

3D

Morphology

Architecture

Cell Contacts

Drug Sensitivity

Function

Flat and spread out to
maximise contacts with the
flask surface. (Baker and Chen,
2012).

Monolayer cultures mean that
there is unlimited access to
nutrients and any biological
factors added to the culture
(Chaicharoenaudomrung et

al., 2019).

Cells are in less contact with
each other due to monolayer
nature, however adherens
junctions may increase on
stiffer surfaces (Ladoux et al.,
2010). Localised cell to ECM
contacts on surface in contact
with substrate (Astashkina and
Grainger, 2014).

Highly sensitive, potential for
false positives, poor
expression of drug
metabolising enzymes.
(Luckert et al., 2016).

Different gene expression to in
vivo, decreased functionality
(Szot et al., 2011). Poor
differentiation (Jensen and
Teng, 2020).

Closer shape to in vivo cells,
more complex morphology due
to existence in 3D
microenvironment. (Kim,
2005).

Denser layers of cells mean
concentration gradients are
possible, differential access to
nutrients and biological factors
throughout the model and
hypoxic cores (Langhans,
2018).

More stable adhesions,
increased cell-cell contact and
more natural spread of cell to
ECM adhesions. (Doyle et al.,

2015; Doyle and Yamada,
2016).

Higher resistance, potential for
false negatives, increased
enzyme expression and
activity. (Hongisto et al., 2013;
Imamura et al., 2015;
Ramaiahgari et al., 2014a).

Closer gene expression to in
vivo and improved function
(Luckert et al., 2016; Price et
al., 2012). Good differentiation
(Jensen and Teng, 2020)
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(Friedrich et al., 2009), and are easier to use due to more complex preparations and training
required to grow cells in certain 3D technologies. Despite this, 3D culture is becoming more
commonplace and this brings with it new 3D culture techniques that are more practical and

cheaper.

1.7.1 3D Cell Culture Technologies

This literature review has made it clear that the structure of the cell defines function and has
highlighted that as a consequence of this central paradigm, 2D in vitro cultures elicit non-
physiological responses in cells. 3D culture is therefore the first step in eliminating the issue
of poor cell function in culture, though there are many techniques to choose from in 3D cell
culture, each with different properties that may benefit specific cell types when matching
them to native tissues. Table 1.2 shows the main 3D culture methods that are available and
highlights some known advantages and disadvantages of each. Some of the key aspects to
consider in deciding on an optimum model are the structural and mechanical properties of
the 3D model, the presence of any biological factors, and the reproducibility. With these in
mind, in a project such as this one, aiming to study purely mechanical effects of a substrate
on the growth of cells, the key aim would be to use a 3D culture method that is highly
reproducible that limits any additional variables so that a change in the mechanical
microenvironment is the only effector on the models. The other factor to consider when
deciding on a model is the end goal; does the model need to be high throughput for broad
and rapid screening of drug toxicity for example, or is the model focussed on a more bespoke

purpose such as tissue engineering for pathology research?

The PolyHIPE scaffold Alvetex® will be the substrate primarily focused on in this project.
Alvetex® is a polystyrene scaffold providing a biologically inert substrate which currently
offers 2 commercial and 1 non-commercially available products with varying void sizes to
allow control over whether the cells invade fully, or rest on top of the 3D structure. Table 1.3
lists the three types of Alvetex® available, providing more detail about their respective
properties. This is a form of a scaffold-based 3D technology which provides physical support
to cells to support their growth in a three-dimensional microenvironment. The structure and
chemical make-up of scaffold based substrates can vary between different technologies,
however the key aspect of scaffold technologies is that cells are grown on/in a matrix where
physical and potentially chemical factors can influence the biology of the cells residing in the
models (Langhans, 2018). These scaffolds can be synthetically made or biologically derived,

with each having potential advantages. Synthetic scaffolds tend to be produced in tightly
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controlled environments that can closely tune the mechanical properties such as porosity

and stiffness to create a reproducible structure within the substrate, however these may lack

additional chemical components that could also influence and support cell growth and

function. On the other hands, biologically derived scaffolds may be more inherently ECM-like

in some cases, however the nature of these means that inclusion of biological factors can

increase variability and uncertainty in the precise composition of the substrate (O’Brien,

2011).

Table 1.2: 3D culture techniques and related advantages and disadvantages.

Type of 3D
Cuture

Example

Pros

Cons

Scaffold

Alvetex®, Speritech
(polymer foams),
Novamatrix 3D

Can mimic ECM, stable
and low variability,
wide variety of
materials available,
high level of control
over variables such as
porosity. (Gurski,
2010).

Potential difficulty in
harvesting or
visualising cells
(Carletti et al., 2011).
Biological variability in
natural scaffolds
creates issues with
reproducibility (Tibbitt
and Anseth, 2009a).

Hydrogel

Advanced biomatrix
(collagen), Nova-
matrix 3D (alginate),
Sigma
(polyacrylamide)

Provide a specific set
of desired cues
(mechanical,
compositional and
structural), can be
tailored to suit needs,
mimics ECM and soft
tissue (Caliari and
Burdick, 2016).

Certain gels can be
difficult to harvest
cells from (this is
being improved), can
be difficult to sterilise,
biological variability
(Caliari and Burdick,
2016).

Aggregate

Scivax (Nanoculture
plates), 3D biomatrix
(hanging drop plates)

Do not require
scaffolds, easily
characterised — readily
imaged by microscopy,
high throughput
(Haycock, 2011).

Can form non-uniform
cell masses,
disorganised

structure, and
variable success in
forming spheroids

(also being improved)

(Edmondson et al.,
2014a).
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Table 1.3: Table listing the three types of Alvetex® available along with their key

properties.

Alvetex® Type SEM Micrograph Properties

Scaffold Voids: 40 um
Interconnects: 13 um
Deep penetration and spread of cells, less
hypoxic and better availability of media.
Commercially available.

Strata Voids: 20 um
Interconnects: 5 um
Some penetration still permitted, but cells
may form a layer on top, invasive cells may
penetrate further. Commercially available.

Polaris Voids: 3 um
Interconnects: 1 um
Almost no penetration, provides a porous
surface for cells to grow on top of. Very
little media availability between sides.
Commercially unavailable.
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1.7.2 3D models in liver research.

This project is focussing on the effects of 3D culture on cell biology, and liver models have
been chosen as a medium to explore this through. The liver is an organ that has a role in a
number of key biological functions; it is responsible for drug detoxification and metabolism,
protein and amino acid biosynthesis and metabolism, lipid and cholesterol homeostasis and
blood volume regulation (Trefts et al., 2017). The parenchymal epithelial cell population in
the liver is hepatocytes, responsible for performing a large number of the liver specific
functions and make up the majority of the volume (Trefts et al., 2017). Hepatocytes exhibit
a unique polarity, with distinctive apical regions adjacent to small lumen structures forming
between the cells called bile canaliculi which function in draining bile towards the gallbladder
(Boyer, 2013). The basal membrane of the cells is adjacent to the blood sinusoids (Boyer,
2013) which are small capillaries flanked by hepatocytes than running throughout the liver
creating a highly vascularised environment. The structure of the liver can be microscopically
divided into the anatomic unit of the liver, the lobule. The liver lobule adopts an irregular
polygonal organisation as seen in Figure 1.5, which is composed of dense populations of
hepatocytes radiating outwards from a central vain to portal triads (Rogers and Dintzis, 2018;

Washabau and Day, 2013, p. 61).

1.7.3 HepG2 cells; a well-characterised hepatocyte cell line as a model system to

improve cell growth.

Given the vast number of biological functions carried out within the liver, it is no surprise
that there is a large area of research devoted to creating liver models that can accurately
reflect these functions in vitro. Liver models form a significant part of in vitro research, with
potential applications ranging from drug screening to disease modelling, response to injury
and precision medicine (Collins et al., 2019). Given the highly specific, considerably three-
dimensional structure, it makes sense that in order to recapitulate the function of the liver
in vitro, there is a requirement for more bespoke 3D technologies that can more accurately
reflect the physiological structure and function of the liver. The burgeoning field of 3D liver
models sees researchers using a range of different technologies and cell types and some of
these will be explored in more depth in later chapters. A highly popular cell type for liver
research is the HepG2 cell line; an immortalised cell line derived from human hepatocellular
carcinoma (“Hep G2 [HEPG2] ATCC® HB-8065™,” n.d., p. 2) that have an unlimited lifespan,
exhibit a stable phenotype and are easily handled (Donato et al.,, 2015). A significant

limitation within this cell line is the lacking metabolic activity compared with primary
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igure 1.5: The liver consists of lobules that are highly vascularised and contain tightly

packed hepatocytes.

Masson’s trichrome stained pig liver section provided by Professor Stefan Przyborski’s lab.

Scale: 400 um and 200 um respectively.
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hepatocytes. Improving this, and the expression of biomarkers has been a major focus of

various in vitro models.

Although this cell line is immortalised, it can be used as a model for the in-vitro study of
human hepatocytes due to being highly functionally and morphological differentiated (Sassa
et al., 1987) and being capable of expressing multiple liver specific functions (Dehn et al.,
2004), similar to primary hepatocytes. Due to being immortalised and having a technically
indefinite lifespan, HepG2 cells are more flexible and easier to work with compared to
primary hepatocytes. A large portion of clinical in vitro research on drug metabolism and
drug induced liver injury therefore uses the HepG2 cell line (Godoy et al., 2013), so it is
important to ensure that HepG2 hepatocyte models are as accurate to in vivo physiology as
possible. Due to the relatively large choice of functional assays (albumin, urea, lactic acid
production, CYP expression and activity), and structural tests for liver specific structures (bile
canaliculi, bile transporters, multipolarity), they are also ideal for comparing different culture
formats and the consequent effects on the structure and function of the cells. There are
however significant considerations to make when using an immortalised cell line; there are
inherently fundamental biological differences when compared to primary healthy cells.
These differences can be seen right down to the transcriptomic level in HepG2 cells, with 30
% of the HepG2 transcriptome being identified as unique to the immortalised cell line (Harris

et al., 2004).

HepG2 cells are incredibly well characterised regarding their use in in vitro research, however
there are still a number of areas to explore. In vitro liver research requires accurate and
consistent liver models to replicate effects such as drug induced liver injury and to mimic the
biomarker expression as seen in vivo. HepG2 cells tend to show enhanced functional profiles
when cultured in 3D compared to 2D cultured cells; with elevated albumin production,
CYP450 expression and activity shown when comparing simple spheroid cultures to
monolayer HepG2 cultures (Mueller et al., 2011). Issues may exist however in terms of drug
sensitivity, with certain HepG2 spheroid cultures showing a decreased sensitivity to toxicity
(Bokhari et al., 2007; Mueller et al., 2011) which may be an issue if trying to screen for drug
induced liver injury, as many in vitro models have shown poor prediction of hepatotoxicity
(Xu et al., 2004). On the other hand however, the 3D HepG2 models may be better at
predicting genotoxicity (Shah et al., 2018) and may be more physiological as a cancer cell line
in responding to anti-cancer drugs (Mueller et al., 2011; Oshikata et al., 2011). Alongside the

lack of clarity with drug testing, there is also a clear absence of an individual 3D culture
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format that universally improves structure and function, and while this is an idealistic notion,
the array of different results between different HepG2 cell models makes this lack of a one-
size-fits-all solution particularly obvious. There is a high level of variability between the
diverse types of 3D culture and the subsequent effects on the structural and functional
profile of these cells, with some studies even directly contradicting others. For example,
while the majority of studies shows that 3D liver culture does improve expression of
biomarkers such as albumin and urea (Milner et al., 2020), one study showed that 3D

spheroids actually decreased albumin synthesis after 8 days (Elje et al., 2019).

Additionally, three-dimensional culture might not be the only influencer on biological
properties; one study suggested that the time spent in a culture system, even if just in a
monolayer may be sufficient to enhance hepatic function to a similar level to 3D models
(Luckert et al., 2017). This may be in part due to 2D cultures forming quasi-3D cultures after
reaching 100 % confluency, and time indeed may be a factor in increasing biological function,
however there is still a wealth of work that demonstrates the more immediate benefits of
3D culture at least. This same study performed a comparison of three different 3D culture
methods; a collagen sandwich, Matrigel (which promoted spheroid formation) and Alvetex®
(Luckert et al., 2016) and demonstrated largely different results in the expression of liver
specific biomarkers. There was a relatively low expression of CYP450 enzymes (essential for
drug metabolism) across the board — a known characteristic of HepG2 cells (Westerink and
Schoonen, 2007a). Yet albumin production was distinctively higher in Matrigel models when
compared to compared to collagen and Alvetex® Scaffold cultures. While this study showed
poor expression of CYP450 enzymes in 3D cultures, a different study showed significantly
higher levels of induction of CYP450 enzymes through the use Matrigel spheroids
(Ramaiahgari et al., 2014b), and despite overall changes in the same direction, this highlights

the poor reproducibility of results between different 3D culture methods.

As discussed, hepatocytes are epithelial cells that exhibit a unique multipolarity, with
multiple basal surfaces in contact with the endothelial domain (Treyer and Miisch, 2013).
This allows for the formation of the bile canaliculi which means that the multipolar
organisation of hepatocytes and the overall tissue architecture has a key role to play in liver
function. With HepG2 cells, the importance of maintaining this architecture has been
highlighted multiple times, with one particular example showing that when cultured in
monolayers, only 20 — 40 % of HepG2 cells formed canalicular like structures (van lJzendoorn

etal., 2004). However, when multi-layered HepG2 cells were cultured on pre-deposited ECM,
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the canaliculi-like structures were more elongated and spanned multiple cells (Herrema et
al., 2006) (using HepG2 monolayers on glass coverslips as a comparison). The current
shortcomings in consistency highlight there is still more work to be done in 3D HepG2 models
to understand the mechanisms driving these functional changes, and how these can be
harnessed to create more relevant in vitro models. This will be one of the primary focal points
of this project, which will aim to more thoroughly investigate the underlying mechanisms

that link structural changes to functional changes in a novel HepG2 model.

The potential financial implications of failed drug tests due to inaccurate in vitro models
(Breslin and O’Driscoll, 2013a) could be averted if cell culture could more accurately predict
the in vivo response, and this is why the selection of an appropriate 3D cell culture method
is important. Additionally, creating more physiologically relevant in vitro cultures is essential
to better understanding in vivo biology, and how various factors influence cell behaviour.
The idea behind this project is that with all the aforementioned considerations it may be
possible to enhance the structure of cells via maintained growth on a substrate, using a 3D
microenvironment (Alvetex®), and that through the mechanisms of mechanotransduction,
this altered structure will result in altered function. Cells grown on Alvetex® are referred to
as 3D for this thesis, but in reality, the chosen substrate (Alvetex® Strata), is more akin to a
2.5D surface. The cells are not grown within a 3D synthetic matrix, rather they reside on top
of a rough 2D surface that provides unique topography allowing the cells to organise
themselves into multi-layered 3D structures. The expectation is that these epigenetic
changes will occur at a transcriptional level, and that due to this, it will effectively
precondition or ‘prime’ the 3D cells to the more physiological microenvironment. Therefore,
the function of these 3D primed cells is hypothesised to improve over 2D grown cells for

moving into secondary 3D cultures or for analysis and assays such as drug testing.

1.8 The sustained impact of the physical cellular microenvironment on

the structure and function of a hepatocarcinoma cell line.

1.8.1 Project Introduction

The aim of this project is to investigate the effects of the physical microenvironment on the
structure and function of a HepG2 based liver model, whilst simultaneously investigating
whether the underlying mechanisms driving these effects can be exploited to create an
improved hepatic model. The notion of exploiting mechanotransduction arises from the idea

of preconditioning or ‘priming’ of cells in a 3D microenvironment to prepare them for an end
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stage model. Our process of priming is described in Figure 1.6; it provides an extra primary
culture stage on a 3D scaffold (Alvetex®) to allow for the adaption of cells to the 3D
microenvironment over a period of time, whereupon it is expected that the structural and
functional properties will be enhanced for reseeding into a secondary 3D model. It
hypothesised in this project that the maintenance of cells in an initial 3D microenvironment
will prime the cells through altered gene expression as a result of the unique mechanical
microenvironment that a three-dimensional structure provides. This altered gene expression
as a result of differential cell mechanics and structure in 3D is expected to manifest in
functional differences, with biological properties of 3D primed cells being closer to the

physiology of in vivo hepatocytes.

2D liver cell culture Prepare cells for 3D 3D liver micro-tissue model
model using Alvetex®
Strata (priming step)

Figure 1.6: Priming cells in a 3D microenvironment to prepare them for a final 3D model.

Instead of placing cells straight into a 3D model for testing after initial cell bulking in 2D, it is
hypothesised that by giving cells time to adapt to a 3D environment, that the structure and

function will be enhanced, better preparing cells for a final 3D model after liberation.

The 3D primed cells will be compared to 2D grown cells by investigating a multitude of factors
including morphological changes both during the priming stage and after reseeding onto
secondary substrates. These structural changes will be investigated both globally in confluent
cell populations and in single cells that have been liberated from the primary culture step
and reseeded onto coverslips. Particular attention will be given to the actin cytoskeleton due
to its close link with the cell and nuclear structure. After structural characterisation of cells
both during and after priming, functional changes will be interrogated through deep global
gene expression analysis, production of key liver biomarkers and response to drug toxicity.
The transcriptomic analysis will be carried out on cells at the very end point of the priming
stage compared to cells in 2D as it is expected that the structural and functional differential

gene expression will be the most prominent at this point, and the wider functional studies
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will be performed on HepG2 cells both during the primary and secondary stages of cell

culture.

1.8.3 Previous Work

There is a rich background of work in 3D culture in this research group, including some
specific work on ‘priming’ cells to a 3D microenvironment. This work includes a PhD
undertaken by Dr Rebecca Quelch which involved priming stem cells for 10 days on a 3D
microenvironment. This priming resulted in enhanced differentiation both in vitro and in vivo
and the 3D geometry of the substrate was posited to decrease the nucleation of actin and
this showed a correlative link with the enhanced differentiation in 3D (QUELCH, 2018).
Another study by Alisha Chhatwal showed that continuous propagation of HepG2 cells in 3D
culture for varying passage numbers was able improve their functional phenotype and bring
them closer to an in vivo profile (Chhatwal, 2016). However due to the labour intensive and
time-consuming nature of 3D propagation, we aim to refine and simplify this process to just
one extra step with the HepG2 cells and to further investigate the mechanisms underpinning

this biological response.

1.8.4 Project Aims

The first aim of this project was to create and characterise a novel in vitro model on which
HepG2 cells could be grown in a robust and reproducible manner. This model should use a
unique three-dimensional topography to host the cells and should permit easy liberation of
cells from the substrate for reseeding into secondary cultures. This will involve a significant
optimisation step where the effects of changing a range of different variables will be
explored in relation to the cell growth and global architecture of the model. Additionally, a
secondary 3D model will be optimised to allow a simple and high throughput technique to
reproducibly grow reseeded HepG2 cells. Both the primary and secondary models will be
thoroughly characterised structurally and functionally in comparison to HepG2 cells that
have been grown in 2D. These experiments should reveal unique insights into the
mechanisms through which enhanced function arises from altered substrate geometry and
will help to unpick how mechanotransduction can be used to beneficial effect in order to

tune the properties of in vitro models through priming.

1.8.5 Project Objectives
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To create a novel, robust and reproducible in vitro model for growing HepG2 cells in
3D, with an easily retrievable cell layer where hepatic function is enhanced over
standard 2D monolayers.

To create a secondary model for growing cells either from 2D or cells liberated from
the 3D priming model in a consistent manner, where functional properties can be
tested.

To characterise models at both these stages structurally by examining single cell
morphology, global tissue architecture and presence of important structural
markers.

To examine the global gene expression of 3D primed cells compared to cells grown
in 2D, and to compare this against the transcriptome of native human liver tissue
and primary human hepatocytes.

To contextualise these transcriptomic results by looking at differential expression of
selected genes and by using enrichment analysis to determine what biological
processes and pathways are altered.

To functionally characterise the models by looking at expression and synthesis of key

hepatic biomarkers and exploring sensitivity to drug toxicity.
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Chapter 2: Methods and Materials
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2.1 Cell culture

2.1.1 2D culture of HepG2 cells

HepG2 (human hepatocellular carcinoma cells) cells (ECACC, Porton Down UK) were grown
in minimal essential media with non-essential amino acids (Thermo Fisher Scientific,
Massachusetts USA), with 2 mM glutamine (Thermo Fisher Scientific) and 10 % FBS (Thermo
Fisher Scientific) added. Cells were seeded onto T75 flasks (Sarstedt, Niimbrecht Germany)
at 2x10° cells per flask and grown to 80 % confluency before passaging. Upon reaching
confluency, media was aspirated or stored as appropriate and cells were washed twice with
sterile phosphate buffered saline (PBS, 8 g NaCl, 0.2 g KCI, 1.15 g Na;HPOQ,, 0.2 g KH,PO,)
before incubating the flasks with 2 ml of 0.25 % Trypsin EDTA (Thermo Fisher Scientific) for
10 minutes. The suspension was neutralised with 4 ml of serum containing minimal essential
medium (MEM) and then centrifuged at 1000 rpm for 3 minutes. Supernatant was
subsequently removed, and the cell pellet was resuspended in 5 ml of MEM where the cells
could be counted. Once seeded at the appropriate densities, cells were incubated at 37 °C

and 5 % CO,.

2.1.2 2D culture of Sk-Hep-1 cells

Sk-Hep-1 (liver endothelial adenocarcinoma cells) cells (ECACC) were grown in minimal
essential media with non-essential amino acids (Thermo Fisher Scientific), with 2 mM
glutamine (Thermo Fisher Scientific) and 10 % FBS (Thermo Fisher Scientific) added. Cells
were seeded onto T75 flasks (Sarstedt) at 1x10° cells per flask. At 80 % confluency, media
was aspirated, and the cells were washed twice with sterile PBS (formulated in lab) before
incubation with 2 ml of 0.25 % Trypsin EDTA (Thermo Fisher Scientific) for 5 minutes. This
suspension was then neutralised with 4 ml of serum containing MEM and centrifuged at 1000
rpm for 3 minutes, after which the supernatant was removed and the pellet resuspended in
5 ml of MEM. Once seeded at the appropriate densities, cells were incubated at 37 °Cand 5

% CO,. Media was changed after 4 days of growth.

2.1.3 Pre-treatment of Alvetex® substrates for cell culture

To allow the growth of cells on the Alvetex® surface, it needed to be rendered hydrophilic
through soaking the membrane in 70 % ethanol for 10 minutes. The membranes were then
washed twice with sterile PBS (lab formulated) and soaked in the appropriate media before

applying cells.
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2.1.4 3D culture of HepG2 cells on Alvetex®

The Alvetex® (ReproCELL Europe Ltd., Sedgefield UK) substrates were left to soak in media
while preparing cells from flasks. Inserts were placed into either 6 well or 12 well plates
(Sarstedt). After resuspension of the cell pellet, the HepG2 cells were counted and cells were
added onto Alvetex® membranes at 1x10° cells per 6 well insert, or 5x10° cells per 12 well
insert. In early experiments using 6 well inserts, two different methods of media application
were used: submerged and contact. With submerged cultures, the cells were made up to the
required seeding density in 100 pL of media and applied to the membrane. This was
incubated for an hour to allow cells to attach and to avoid disturbance from adding media.
After this incubation, 10 ml of media was added to the well, fully submerging the inserts.
With contact cultures, 5 ml of media was applied underneath the insert which made contact
with the bottom of the membrane. HepG2 cells were made up to the appropriate density in
500 pL of media which was then applied to the membrane. In 12 well cultures, contact was
the only method used, and in this case 2.5 uL of media was added underneath the inserts,
and the suspension was adjusted to seed the required density in 250 pL of media. Media was

changed on the inserts every 2 days, and after 8 days models were stopped for analysis.

For comparison to 3D cultures, HepG2 cells were also seeded directly onto the 2D surface of
the wells. These were seeded at half the density to their 3D counterparts to account for the

differences in population doubling time.

2.1.5 3D priming culture of Sk-Hep-1 cells on Alvetex®

Whilst soaking Alvetex® Strata membranes in media, a suspension of Sk-Hep-1 cells was
prepared from 2D flasks. These cells were then seeded directly onto membranes at a density
of 1x10° cells per insert. This cell suspension was made up in 500 uL of media which was
applied to the membrane, with 5 ml of media having been added underneath the insert prior.
Media was changed every 2 days, and after 8 days of growth the models were stopped for

analysis.

2.1.6 3D co-culture of HepG2 cells and Sk-Hep-1 cells on Alvetex®

HepG2 cells were grown on Alvetex® Strata in combination with Sk-Hep-1 cells, and various
formats of co-culture were tested. All of these formats used the ‘contact’ media application
method, with a layer of 500 plL of media sitting on top of the insert membrane, and 5 ml of

media underneath. The first seeding technique involved application of 7.5x10° HepG2 cells
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to the membrane first, incubation for half an hour, then applying 2.5x10° Sk-Hep-1 cells to
the membrane. For the second seeding method, Sk-Hep-1 cells were applied to the insert at
2.5x10° cells per insert first and incubated for half an hour. HepG2 cells were then applied at
7.5x10° cells per insert. The third method — simultaneous seeding — used a mixed suspension
of HepG2 and Sk-Hep-1 cells and applied this to the membrane. This suspension contained
the appropriate densities of cells to be seeded at 7.5x10° cells per insert for HepG2 cells and
2.5x10° cells per insert for the Sk-Hep-1 cells, in a 500 pL volume of media. Finally, paracrine
cultures were tested, with HepG2 cells seeded onto Alvetex® Strata at a density of 1x10° cells
per insert as described above, and Sk-Hep-1 cells seeded underneath the insert onto the base
of the well at 1x10° cells per well. Regardless of format, media was changed every 2 days,

and the models were stopped at 8 days or earlier.

2.1.7 Liberation of HepG2 cells from Alvetex® for reseeding into secondary models

At the 8-day time point, HepG2 cells were ready to liberate from the substrate. After
optimisation (discussed in Chapter 3), the final liberation technique first required the
unclipping of the Alvetex® membranes from the plastic inserts holding them in place. The
membranes were then placed into individual wells of a fresh 6 well plate and submerged in
sterile PBS (lab formulated) twice, with gentle agitation. The PBS was then aspirated, and 2
ml of 0.25 % trypsin (Thermo Fisher Scientific) was added to each well, which was incubated
for 15 minutes at 37 °C and 5 % CO,. After this period, soft cell scrapers (Sarstedt) were used
to gently scrape the membranes, ensuring that the cell layer was fully removed, but being
careful not to damage the substrate and release debris. This suspension was neutralised with
the addition of 2 ml of media, and then centrifuged at 1000 rpm for 3 minutes, where the

cells could then be counted and re-seeded.

2.1.8 Re-seeding of HepG2 cells onto coverslips for single cell or population

analysis.

After liberation of HepG2 cells from either 2D wells or on Alvetex®, cells could be re-seeded
onto coverslips for either single cell analysis at low seeding densities, or for analysis of larger
cell populations at higher seeding densities. Coverslips were placed into 12 well plates where
they were cell culture treated by using a plasma treater with an ashing time of 5 minutes at
40 W, then sterilised in 70 % EtOH before washing twice in sterile PBS. 5 ml of media was
then added to the coverslip containing wells, and HepG2 cells were seeded at varying

densities depending on the experiment, though most commonly a density of either 1x10*
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cells per well for single cell analysis, or 2.5x10° cells per well for more confluent cultures in a
100 pL volume of media. These were grown for either 1,4 or 8 days depending on the

experiment, and were stopped by fixation.

2.1.9 Re-seeding of HepG2 cells into low adherence Petri dishes for self-assembled

aggregates.

Liberated HepG2 cells from 2D and 3D could also be re-seeded into low adherence Petri
dishes (Thermo Fisher Scientific) which allowed for the self-assembly of aggregates. For this,
25 ml of minimal essential media was added to the dishes, before 1x10° cells were seeded
into the petri dish, in a 100 pL volume of media. These aggregates were grown for up to 10

days, with imaging at different time points being carried out on a phase contrast microscope.

2.1.10 Re-seeding of HepG2 cells into hanging drops for spheroid cultures.

HepG2 cells were re-seeded into hanging drops after 3D priming or growing in 2D. This was
performed using a technique adapted from (Shah et al., 2018). HepG2 cell suspensions were
adjusted to create a density of 1x103 cells per 20 pL drop of minimal essential media (after
optimisation). These drops were then applied to the inside of the lid of a 9.6 cm Petri dish.
Normally, 30 drops were made per Petri dish. 5 ml of sterile PBS was added to the base of
the petri dish to humidify the dishes and prevent drying out of drops. Another 20 pL of media
was added on day 4 of growth, and models were grown up to 10 days for visualisation but

stopped at 7 days for analysis.

2.1.11 Collection and application of conditioned media from HepG2 and Sk-Hep-1

cultures for migration assay.

12 well plates were seeded with 2.5x10° of either Sk-Hep-1 cells or HepG2 cells, which were
then grown in 2D for 7 days with media changed on day 4. Simultaneously, Sk-Hep-1 cells
and HepG2 cells were grown in T75 flasks, from which media was stored for use as
conditioned media. This media was taken from the cultures at the 4-day time point and
sterile filtered using a 50 ml syringe (Greiner Bio-one, Kremsmdiinster, Austria) and 0.2 micron
filter (Thermo Fisher Scientific), stored at 4 °C and then applied to the 12 well cultures. Cells
were then imaged over the period of 4 days on the Zeiss Cell Observer (Zeiss, Oberkochen,

Germany), with temperature set to 37°C with 5 % CO..
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2.1.12 Addition of xenobiotic compounds to cultures for toxicity testing

Stocks solutions containing different xenobiotic compounds were made using dimethyl
sulfoxide (DMSO) or EtOH as a vehicle, or in fresh media for isoniazid, and these were serially
diluted in media to make a range of concentrations. Drug concentrations were based on prior
literature, or on 100x the Cmax reported in human plasma (Jj et al., 2008; Maiuri et al., 2017).
When dissolved in media, vehicle concentrations did not exceed 0.5 % and vehicle controls
were included each time. Data for these was not shown, but vehicles alone had no effect on
toxicity. For 2D and Alvetex® cultures, media was aspirated at day 7 of growth and replaced
with the appropriate dilutions of compounds in fresh media which was left on the cells for
24 hours. For hanging drops, 20 pL of media was added to the drop on day 6 of culture with
the appropriate dilution to reach the desired final concentration range, and this was left for
24 hours. After 24 hours, media was collected for immediate LDH assays, and in the case of

cells grown in 2D and on Alvetex®, MTT assays were also performed instantly.

Table 2.1: Xenobiotic compounds with their respective vehicles and dilutions.

Compound name Reference for Final concentration range

concentration

Gemfibrozil (Sigma EtOH Previous group work 8,4,2,1,0.5,0 (mM)
Aldrich, G9518) (unpublished)
Isoniazid (Fisher Media >100x Cmax of 76.6 20, 10,5, 2.5,1.25,0
Scientific, 10225120) MM (Ramaiahgari et al., (M)
2014a)

Amiodarone (Fisher DMSO >100x Cmax of 0.85 300, 150, 75, 37.5, 18.75,

Scientific, 15502233) UM (Shah et al., 2015) 0 (uM)
Ibuprofen (Sigma ETOH Previous group work 5,2.5,1.25,0.625,
Aldrich, 14883) (unpublished) 0.3125, 0 (uM)

Tamoxifen (Fisher DMSO LD50 seen in literature: 150, 75, 37.5, 18.75,
Scientific, 11445161) 56.8 UM in spheroids, 9.375 (uM)
13.9 uM in monolayers

(Mueller et al., 2011)
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Methotrexate (Sigma DMSO Toxicity at 125 pM 150, 75, 37.5, 18.75,
Aldrich, M9929) seen in literature 9.375 (uM)
(Bokhari et al., 2007, p.
2)

2.1.13 Human Tissue Acquisition and Use.

Fixed human liver tissue was collected by Biopta (Glasgow, United Kingdom) under
appropriate ethical protocols in compliance with local laws and regulations. Tissue was
received at Durham University under a formal MTA agreement and were processed following
relevant UK HTA rules and guidelines at the time of publication. The liver sample acquired

was from a middle-aged healthy female donor.

2.2 Storage and collection of samples for analysis

2.2.1 Collection and storage of media

Media was collected from cells grown in 2D, 3D on Alvetex® and from hanging drop cultures
for later analysis. In 2D cultures, media was taken from the cultures at the required time
point and stored at -20 °C until needed for further use. In cultures on Alvetex®, membranes
were first unclipped from the plastic insert holders and submerged in the media underneath
to ensure that media from the top and bottom compartments were suitably mixed. After
this, media was collected, taking care not to disturb the inserts, and stored at -20 °C until
required. With hanging drops, 1 mL of fresh media was flushed over the inside of the lid
multiple times, ensuring that all hanging drops were collected in the liquid. The spheroids
were left to settle and the media was collected and stored at -20 °C, making sure no hanging

drops were collected in the process.

2.2.2 Lysing cells for use in Western blots and Bradford assays

Cells were lysed using the lysis buffer Mammalian Protein Extraction Reagent (M-PER™,
Thermo Fisher Scientific), supplemented with 1x Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific). For cells in 2D 6 well cultures, media was aspirated or
stored as appropriate, and 500 pL of lysis buffer was added. Cells were left for 1 hour on ice
and vortexed every 10 minutes. For cells grown on Alvetex®, membranes were first unclipped

from the plastic insert holders, before washing them twice in sterile PBS in a fresh 6 well
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plate (Greiner Bio-one). The membranes were cut into 8 pieces with a scalpel and placed into
a microcentrifuge tube (Greiner Bio-one) where 500 pl of lysis buffer was added. These tubes
were left on ice for 1 hour and vortexed every 10 minutes. For hanging drop cultures, 1 mL
of media was flushed over the inside of the lid multiple times to ensure the collection of all
spheroids. This was transferred to a microcentrifuge tube where the spheroids were left to
settle. Media was then aspirated, and the cells were washed in sterile PBS twice, allowing
the spheroids to settle between each wash. The PBS was aspirated and 100 pL of lysis buffer
was added. The tubes were transferred to ice for 1 hour and vortexed every 10 minutes. In
all cases, after vortexing while on ice, the lysis mix was transferred to microcentrifuge tubes
and spun for 30 minutes at 12,000 rpm. Supernatant was collected without disturbing the

pellet and stored at -20 °C until needed.

2.3 Assessment of cell growth

2.3.1 Living and dead cell counts through trypan blue exclusion

Cell suspensions were added to trypan blue (Sigma-Aldrich, Missouri USA) in a ratio of 1:4
and transferred to a haemocytometer. Cell counts were taken from 3 quadrants of the
haemocytometer and averaged, and viability could be determined as a percentage from the

ratio of live cells (light colour) and dead cells (dark blue colour).

2.3.2 Assessment of metabolic activity through MTT assay

At the desired timepoints where metabolic activity was to be measured, cells in 2D were
washed twice with PBS, whereas with cells grown on Alvetex®, the membranes were
unclipped from the inserts and placed into a fresh plate before washing twice with PBS.
Subsequently, Thiazolyl Blue Tetrazolium Bromide solution (MTT, Sigma-Aldrich) (1 mg/ml in
phenol free Dulbecco’s Modified Eagle Media (DMEM Thermo Fisher Scientific)) was added
to each well at 0.5 ml for 12 well plates, or 1 ml for 6 well plates. These were incubated for
1 hour at 37 °C and 5 % CO; away from light. The MTT solution was then aspirated, and
acidified isopropanol was added to the wells at the same quantities as the MTT solution and
the plates were left on an orbital shaker for 20 minutes whilst protected from light. Finally,
20 pL of each acidified isopropanol well was diluted in 180 pL of isopropanol in a flat
bottomed 96 well plate, and absorbance was measured at 570 nm using a Bio-Tek ELx800

plate reader (Bio-Tek, Vermont USA).

2.3.3 Determination of total protein concentration with Bradford assay.
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The total protein concentration of cell lysates was determined through the Bradford assay,
to allow normalisation to protein levels, and equal loading in western blotting. A kit of BSA
standards (Bio-Rad, Hertfordshire, UK) was used to create a standard curve. Lysates were
thawed on ice, then 5 pL of sample/standard were added to individual wells of a 96 well
plate, and mixed with 250 uL of Quick Start™ Bradford 1x Dye Reagent (Bio-Rad). This was
incubated for 5 minutes before reading absorbance at 590 nm using a Bio-Tek ELx800 plate
reader (Bio-Tek). Protein concentration was determined through plotting the standard curve
in GraphPad Prism software, where plotting the linear regression allowed extrapolation of

unknown y values (the sample readings).

2.4 Structural characterisation of models.

2.4.1 Neutral red staining

To visualise the macrostructure of the cells whilst growing in 2D or Alvetex, neutral red
staining was used. At the desired timepoint, 2D cells were washed in PBS twice, and Alvetex®
membranes were unclipped and transferred to a new plate and washed twice in PBS. 500 pL
of neutral red solution was applied to 6 well cultures, and plates were left on an orbital
shaker for 10 minutes. Wells were washed 5 times with PBS and images were taken on both

a Samsung galaxy S9 camera and using a brightfield microscope.

2.4.2 Processing of 2D samples and whole mount spheroids for visualisation

Cells grown in 2D on coverslips were prepared for immunofluorescence by fixing with 4 %
paraformaldehyde (PFA, Thermo Fisher Scientific). Firstly, coverslips were gently washed
twice with PBS, before submerging them in 4 % PFA either overnight or for 30 minutes at
room temperature. After fixation, coverslips were washed three times with PBS and were
stored submerged in PBS at 4 °C until further processing. For whole mount imaging of
spheroids, this process was also followed using 15 ml centrifuge tubes, making sure that the

spheroids settled at the bottom of the centrifuge tube between each wash.

2.4.3 Processing for paraffin wax embedding

For histology and particular immunofluorescent antibodies, 3D samples were embedded in
paraffin wax. For this, samples in Alvetex® were unclipped and washed in PBS twice, before
4 % paraformaldehyde was added. For spheroids, aggregates were collected by washing the

inside of the Petri dish lid with PBS, transferring them to a 15 ml centrifuge tube, and washing
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the aggregates twice in PBS (letting them settle each time) and finally adding 4 % PFA. Human
liver was also processed for histology, and was processed in a similar manner to aggregates,

with the liver being cut into chunks of roughly 2x2x2 mm size.

Samples were left in PFA for either 30 minutes at room temperature or 4 °C overnight to fix
them. After fixation, the samples were washed twice in PBS and taken through a series of
EtOH dehydrations, using 30 %, 50 %, 70 %, 80 %, 90 %, 95 % and 100 % EtOH solutions,
leaving them for 15 minutes at each step and 30 minutes in 100 % EtOH. For spheroids, the
70 % solution was replaced with crystal violet (Sigma Aldrich) diluted in 70 % ethanol to make
it easier to see the aggregates once embedded. Ethanol was drained off and samples were
soaked in Histo-Clear (National Diagnostics, Lichfield UK) for 30 minutes, a 1:1 mix of Histo-
Clear and paraffin wax (Thermo Fisher Scientific) for 30 minutes at 60 °C, and 100 % paraffin
wax for 60 minutes at 60 °C. At this stage, Alvetex® membranes were cut in half and
embedded in semi-set 100 % wax in dispomoulds (Thermo Fisher Scientific), whereas
spheroids were collected with a plastic Pasteur pipette and gently released into the setting
wax moulds. Wax blocks were set at room temperature and cut on a Leica EG1120
Microtome (Leica Microsystems, Wetzlar DE) to a thickness of 7 um per section. Sections
were transferred to a mounting bath at 45 °Cto flatten out and were mounted on microscope

slides then left on a drying bench for at least 2 hours.

2.4.4 Processing for OCT embedding

Certain antibodies were inappropriate for use in paraffin embedded samples, and
embedding in optimal cutting temperature compound (OCT, Thermo Fisher Scientific)
provided better images. For this, samples were washed in PBS as described above, then fixed
in a 1:1 mix of ice-cold methanol and acetone (M/A) for 5 minutes at -20 °C. Samples were
then placed in OCT (Alvetex® membranes were cut in half) and left to equilibrate for 20
minutes. OCT was frozen using dry ice, and samples could be stored at -80 °C until cutting at

10 um thickness using a Cryostat Bright OTF5000 (Bright Instruments, Luton, UK).

2.4.5 Histological analysis through haematoxylin and eosin (H&E) staining

H&E stains enable visualisation of the cytoplasm and nuclei through differential staining —
haematoxylin stains nucleic acids in a dark purple colour whereas eosin stains nonspecific
proteins a pink colour (Fischer et al., 2008). H&E stains were performed on aggregates and
on cross sections of cells grown on Alvetex®, both of which were processed through paraffin

wax embedding. Slides with wax sections on were first deparaffinised in Histo-Clear for 5
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minutes, then rehydrated through immersing in 100 % EtOH for 2 minutes, 95 % EtOH for 1
minute and 70 % EtOH for 1 minute. Samples were then immersed in distilled water (dH,0)
for 1 minute to wash them, then stained through submerging in Mayer’s Haematoxylin
(Sigma-Aldrich) for 5 minutes and subsequently washed in dH,0 for 30 seconds. Cell nuclei
were blued through immersion in alkaline alcohol for 30 seconds, and samples were then
dehydrated with 70 % EtOH and 95 % EtOH for 30 seconds each. Samples were left in eosin
for 1 minute to stain the cytoplasm, and they were then submerged in 95 % EtOH twice for
10 seconds, and absolute EtOH twice for 10 seconds, then 15 seconds. Finally, samples were
cleared in Histo-Clear twice for 3 minutes each before drying off and mounting a coverslip

using omni-mount (National Diagnostics).

2.4.6 Immunofluorescent staining

2.4.6.1 Staining cross sections of 3D models

Wax or OCT sections of Alvetex or spheroids could be probed with specific antibodies to
detect and visualise the presence of specific biomarkers. For paraffin embedded sections,
slides were deparaffinised in Histo-Clear for 15 minutes before rehydration in 100 % EtOH,
70 % EtOH and PBS for 5 minutes each. Antigen retrieval was carried out through incubating
samples in citrate buffer at 95 °C for 20 minutes. After cooling the slides, they were blocked
and permeabilised in a solution of 20 % normal goat serum (NGS, Sigma-Aldrich) with 0.4 %
Triton X-100 (Sigma-Aldrich) for 1 hour at room temperature. OCT embedded samples were
simply immersed in PBS and washed a further 3 times for 10 minutes each in PBS to clear the
OCT, and no antigen retrieval or permeabilisation was needed due to methanol acetone
fixation already permeabilising the samples. Blocking for OCT embedded samples was

performed using 20 % NGS in PBS for 1 hour at room temperature.

Primary antibody was then added to the slides at the required dilution (diluted in blocking
buffer), and these were incubated in a humidified chamber overnight at 4 °C. Samples were
subsequently washed 3 times in PBS for 10 minutes each time, before incubation with the
secondary antibody diluted in PBS for an hour. Finally, slides were washed three times in PBS
for 10 minutes each and were incubated with a 1:10000 dilution of Hoescht-33342 (Thermo
Fisher Scientific) in PBS for 30 seconds before mounting in VECTASHIELD® (Vector

Laboratories, Peterborough, UK) and sealing with nail varnish.

2.4.6.2 Staining whole mount spheroids
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An appropriate number of aggregates was collected from the centrifuge tube and transferred
to a 1.5 ml microcentrifuge tube for subsequent processing. Firstly, excess PBS was aspirated,
before permeabilisation in 0.4 % Triton X-100 for 20 minutes at room temperature. The
spheroids were blocked in a solution of 10 % NGS for 1 hour, after which primary antibodies
diluted in blocking buffer were added for 1 hour at room temperature. The samples were
washed 3 times in PBS for 10 minutes each time, and the appropriate secondary antibodies
diluted in PBS were added for 1 hour at room temperature. After washing 3 more times in
PBS for 10 minutes each time, the spheroids were incubated for 10 minutes in a 1:10000
dilution of Hoescht-33342 in PBS. Finally, spheroids were gently pipetted onto slides, trying
to minimise excess liquid which could be dabbed away, VECTASHIELD® was added and a

coverslip was gently pressed onto the slide, sealing with nail varnish.

2.4.6.3 Preparation of 2D coverslips for immunostaining

2D coverslips were transferred into a fresh 12 well plate and then were blocked and
permeabilised with 0.4 % Triton X-100 for 1 hour at room temperature. Coverslips were
incubated with primary antibodies diluted in blocking buffer for 1 hour at room temperature.
Samples were then washed 3 times in PBS for 10 minutes each, before incubation with
secondary antibodies diluted in PBS, for 1 hour at room temperature. Again, samples were
washed 3 times with PBS, with a final 30 second incubation with Hoescht-33342 diluted in
PBS. Coverslips were then mounted on slides using VECTASHIELD® and nail varnish for

sealing.

2.4.6.4 Visualising the cytoskeleton through phalloidin staining

To visualise the F-actin cytoskeleton, a phalloidin stain (acti-stain 488 phalloidin,
Cytoskeleton, Inc., Denver, Colorado, USA) was used which only worked on PFA fixed cells.
This stain could be added in the last set of PBS washes after the secondary antibody, by
incubating the samples in phalloidin diluted in PBS for 30 minutes during the first wash. If
only staining for phalloidin, sections were deparaffinised, rehydrated and washed in PBS as
described above, and whole mount or 2D cells were washed 3 times in PBS for 10 minutes
each. Samples were permeabilised in 0.4 % Triton X-100 for 5 minutes at room temperature
and washed once in PBS for 30 seconds at room temperature. Samples were then incubated
with phalloidin diluted in PBS for 30 minutes in the dark at room temperature. Samples were
next washed 3 times in PBS for 10 minutes each, with a final 30 second incubation with
Hoescht-33342 diluted in PBS before mounting on microscope slides with VECTASHIELD® and

nail varnish to seal.
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2.4.6.5 Antibodies used in immunofluorescence

Table 2.2: Primary antibodies used in immunofluorescence

Dilution Host species Supplier Product code
E-cadherin 1:100 Mouse Abcam ab1416
N-cadherin 1:200 Rabbit Abcam ab18203
MDR1 1:100 Mouse Santa Cruz sc-13131

Biotechnologies

Claudin-1 1:200 Rabbit Abcam ab15098
SUN-1 1:200 Rabbit Abcam ab124770
SUN-2 1:200 Rabbit Abcam ab124916

Table 2.3: Secondary antibodies and dyes used in immunofluorescence

Target Dilution Supplier Product code
Alexa-fluor anti-rabbit 488  1:600 Thermo Fisher Scientific A-11034
Alexa-fluor anti-rabbit 594 = 1:600 Thermo Fisher Scientific A32740
Alexa-fluor anti-mouse 488  1:600 Thermo Fisher Scientific A-11001
Alexa-fluor anti-mouse 594 = 1:600 Thermo Fisher Scientific A-21203
Hoechst 33342 1:10000  Thermo Fisher Scientific H3570
Acti-stain 488 phalloidin 1:200 Cytoskeleton, Inc. PHDG1

2.4.7 Propidium iodide staining

To visualise dead cells in aggregates, propidium iodide (Sigma Aldrich) was used which is
excluded from live cells with in-tact membranes. This stain had to be applied before fixation
to ensure exclusion from living cell membranes. At the desired time point of culture,

aggregates were collected in a 15 ml centrifuge tube and rinsed 2 times with PBS. Aggregates
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were submerged in Pl at a concentration of 500 nM diluted in PBS and left for 30 minutes,

after which they could be fixed and processed as required for microscopy.

2.4.8 Detecting apoptotic cells with the TUNEL Assay

To visualise and detect the presence of apoptotic cells on Alvetex®, the DeadEnd™
Fluorometric TUNEL System (Promega, Southampton, UK) was used. Sections of Alvetex®
were deparaffinised and rehydrated as listed above, before permeabilisation in 0.4 % Triton
X-100 in PBS, followed by 2 washes in PBS for 5 minutes each. Positive controls were created
through incubating samples for 10 minutes with 100 pL of DNase | buffer, which contained 5
UmL? of DNase I. Samples were then all incubated with 100 pL of equilibration buffer for 10
minutes at room temperature and were subsequently incubated with the reaction mixture
(45 pL of equilibration buffer, 5 uL nucleotide mix and 1 pL rTdT enzyme) for 60 minutes at
37 °C for 60 minutes in the dark. The reaction was stopped by incubating the samples with
2X SSC (87.7g NaCl, 44.1g sodium citrate) for 15 minutes at room temperature, and the
samples were then washed 2 times in PBS for 5 minutes before mounting using Hardset

Vectasheild with DAPI (Vector Laboratories).

2.4.9 Brightfield microscopy

Brightfield microscopy was used to image the histological stains of models as well as for
viewing the hanging drop spheroids whilst in culture. For this, a Leica ICC50 high-definition
camera mounted to a Leica microscope was used, with images taken using the objectives x5,

x10, x20 and x40. Leica EZ software was used for the image capture.

2.4.10 Phase contrast microscopy

Phase contrast images were taken to visualise 2D cells and low adherence aggregates in
culture. These images were obtained on a Nikon ECLIPSE TS100 microscope with an attached

Nikon digital camera DXM1200, using x5, x10, x20 objectives.

2.4.11 Fluorescence imaging

Fluorescent images were obtained through either conventional fluorescence microscopy or
through confocal microscopy. For conventional microscopy, a Zeiss Axioskop 40 microscope
(Zeiss) was used. The x5, x10, x20 and x40 objectives were used, with DAPI, 488 nm and 594

nm filters.
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For confocal microscopy, the Zeiss 880 confocal laser scanning microscope with airy scan
(Zeiss) was used, which provided higher resolution images. The objectives used were x10 EC
Plan Neo DC I, x20 Plan Apochromat DIC Il, x40 EC Plan Neo DIC Il and x63 Plan Aprochromat
DIC Il. Zeiss Zen software was used for image capture, with Z-stacks being taken to produce

3D images of the samples.

2.4.12 Live cell imaging

Time lapse movies of cells in culture were created using the Zeiss Cell Observer (Zeiss). For
this microscope the temperature was set to 37 °C and CO, to 5 %, and images were taken
using the phase contrast setting, with the x10 objective. Images were taken every 30 minutes
from each well, for different durations depending on the experiment. Zeiss Axiovision

software was used for image capture and microscope control.

2.5 Western Blotting

2.5.1 Gel electrophoresis and transfer

After measuring total protein concentration, lysates were diluted in lysis buffer to equalise
the concentrations so that the same amount of protein was contained within a given volume
between samples. Samples were diluted 3:1 with 4 x Laemmli sample buffer (Bio-Rad) and in
10 % 2-mercaptoethanol (Sigma-Aldrich) at 95 °C for 5 minutes to denature proteins.
Samples were then run on a polyacrylamide gel (percentage depended on proteins of
interest) (recipes in table 2.4), at 120 V for roughly 90 minutes in 1 x tank buffer (3.028 g Tris,
14.41 g Glycine, 1 g sodium dodecyl sulfate (SDS), in 1 L dH,0).

Table 2.4 Resolving gel recipes

N.B Prosieve is a 50 % acrylamide solution, other commercial acrylamide solutions have

different acrylamide contents and gel recipes must be adjusted accordingly.

Components 10 % Gel 12 % Gel
Deionized water 5.7 mL 5.7 mL 4.9 mL
Prosieve® 50 acrylamide 1.6 mL 2mL 2.4 mL
gel solution
1.5 M Tris-HCL pH 8.8 2.5mL 2.5mL 2.5mL
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10 % SDS 100 pL 100 pL 100 L

10 % Ammonium 100 pL 100 pL 100 pL
persulfate (APS)
TEMED 5 ulL 5 ulL 5L

After running samples, the gel was placed onto a nitrocellulose membrane (GE Healthcare,
Buckinghamshire, UK), with blotting paper and sponges sandwiching the membrane and gel.
This was gently massaged to ensure no bubbles were present and was held in a cassette
which was placed into a transfer tank with an ice block and ice-cold transfer buffer (3.03 g
tris, 14.41 g glycine, 200 mL methanol, 800 mL H,0). Transfer was carried out overnight for
20 hours at 15 V in 4 °C, with the voltage turned up to 30 V for 2 hours the next day.
Membranes were subsequently stained with Ponceau before blocking for 1 hour at room
temperature in 5 % milk in blot rinse buffer (BRB, 1.21 g Tris, 8.8 g NaCl, 0.327 g EDTA, 1 mL
Tween20, in 1 L dH,0). Membranes were then incubated with a primary antibody overnight
at 4 °C and were later washed 3 times in BRB for 10 minutes each. Secondary antibody was
added for 1 hour at room temperature, followed by 3 more 10-minute washes in BRB. Finally,
Clarity™ ECL detection kit (Bio-Rad) was applied for 5 minutes, with the two solutions mixed

at a 1:1 ratio, before exposure with photographic film (Thermo Fisher Scientific).

Table 2.5: Antibodies used in western blotting

Product code
SUN-1 1:1000 Rabbit Abcam ab124770
SUN-2 1:1000 Rabbit Abcam ab124916
Albumin 1:500 Mouse Santa Cruz sc-271605

Biotechnologies

a-Fibrinogen 1:500 Mouse Santa Cruz sc-398806

Biotechnologies

Vinculin 1:1000 Mouse Abcam ab18058
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B-catenin 1:1000 Mouse BD Biosciences 610153

PCNA 1:1000 Rabbit Abcam ab18197
GAPDH 1:5000 Rabbit Abcam ab9485
B-actin 1:1000 Mouse Abcam ab8224
Anti-rabbit- 1:5000 Donkey Millipore AP182P
HRP

Anti-mouse- 1:5000 Goat Sigma-Aldrich A4416
HRP

2.5.2 Densitometry measurements

Densitometry was performed in Image J using the protocol provided at the following website:

https://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/.

Relative expression between samples was calculated and normalised to loading controls.

2.6 Image analysis

2.6.1 Quantification of penetration into Alvetex® and thickness of cell layer

To measure how far the cells penetrated into the Alvetex® substrate, Image) software was
used. After setting the scale, 5 equidistant lines were drawn across the image perpendicular
to the orientation of the substrate. To measure penetration, lines were drawn from the
surface of the substrate (figure 2.1 white dashed line) to where the bottom cells lie (figure
2.1 blue arrow) and measured using the software. To measure thickness of the cell layer on
top of the substrate, lines were drawn from the substrate surface to the top cells in the layer
(figure 2.1 red arrow). To measure total thickness, lines were drawn from the bottom cells
to the top cells (figure 2.1 white arrow). To account for variability, this was done across

multiple images from multiple sections of multiple model replicates.
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Figure 2.1: Measurement of cell layer depth from H&E images

Representative H&E image of HepG2 cells grown on Alvetex® Strata. Dashed line indicates
the top surface of the substrate from which measurements can be taken. Red line: Residing
cell layer thickness, Blue line: Cell penetration, White line: Total cell layer depth. Scale: 100

um

2.6.2 Quantification of cytoskeleton area and height

The actin cytoskeleton was visualised through phalloidin stains on the Zeiss 880 microscope
which created high resolution images that could be measured precisely. Measurements were
made in Zen Blue software, with the area of the cytoskeleton being measured through
outlining the phalloidin staining and measuring the area within. Height was measured
through measuring how many Z-stacks were required to measure from the bottom to the
top of the cell and multiplying this by the Z-stack section thickness. This was limited by the Z
stack section size, however the typical thickness of Z stacks was in the range of 0.1 — 0.2 um,

which provided suitable precision.

2.6.3 Quantification of aggregate size, circularity and density.

Aggregates were measured using Imagel software. After scaling the images, outlines were

drawn around intact aggregates and the measure tool was used to provide measurements
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for both area and circularity of the outline drawn. Density was measured by outlining the
aggregates and measuring a histogram in ImageJ which displayed average grey value (bins),

with a higher value indicating a lighter colour which indicated lower density.

2.6.4 Quantification of cell migration

For live cell imaging videos, ImageJ software was used to analyse the migration of cells, with
the TrackMate plugin being used for automatic tracking of the cells. The settings used were

25 pixels for cell size and 0.2 for thresholding.

2.7 Assessment of functional properties

2.7.1 Albumin Assay

Albumin produced in the models was secreted into the media, which could be stored as
described in section 2.2.1. This production of albumin was quantifiable through a commercial
enzyme-linked immunosorbent assay (ELISA) plate (AssayPro, EA3201-1, Missouri, USA) and
manufacturer’s instructions were followed for the kit. To accurately quantify the albumin in
media, it was measured against a standard curve created from serial dilutions of an albumin
standard of known concentration. This assay was carried out at room temperature. Firstly,
50 uL of standard or sample was incubated in individual wells for an hour, with the plate
sealed using the provided sealing tape. Wash buffer was used to thoroughly rinse the plate
5 times, before 50 pL of biotinylated antibody was added to each well, with a subsequent
30-minute incubation. The plate was washed another 5 times with wash buffer before 50 uL
of SP conjugate was added to each well, with another 30 minute incubation. The plate was
then washed again as before, with 50 pL of chromogen substrate being added per well
followed by a 20-minute incubation, the end of which 50 pL of stop solution was added to
each well. The plate was read immediately on a BioTek™ ELx800 plate reader at a wavelength
of 450 nm. Albumin levels were calculated through the standard curve using Graphpad Prism
software and were normalised to total protein concentration as determined by Bradford

assay.

2.7.2 Urea Assay

Urea secretion into the media was measurable through a commercial QuantiChrom™ Urea
Assay Kit (DIUR-100, BioAssay Systems, California, USA), where manufacturers instructions

were followed. In brief, 5 pL of water (as a blank), 5 puL of 50 mg/dL standard, and 5 pL of
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each sample were placed in individual wells. 200 pL of working reagent (made from a 1:1
ratio mix of reagent A and reagent B) was next added to each well which was incubated for
20 minutes at room temperature. The plate was then read at 520 nm on a BioTek™ Synergy™
H4 Hybrid Multi-Mode Microplate Reader, and urea concentration (mg/dL) was calculated
through this equation=

oD -0D
[Urea] - sample blank xnx [STD] (@)
ODstandard—ODplank dL

ODsample, ODpiank and ODstandara are optical density values of sample, water and standard

respectively. n is the dilution factor. [STD] is 50 for the urea standard concentration (mg/dL).

2.7.3 Measuring cell death with LDH assay

For testing the toxicity of xenobiotic compounds, the lactase dehydrogenase (LDH) assay was
used to provide an orthologous technique to MTT assays to provide a more direct measure
of toxicity. LDH is released into cell culture media when the plasma membranes of cells are
damaged, indicating the cytotoxicity of test compounds. For this assay, the commercial
Pierce™ LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) was used, with the protocol
adapted to suit 3D culture. Briefly, the assay was immediately performed on media taken
from models exposed to xenobiotic compounds for 24 hours. A maximum LDH activity
control was created by adding a 1:10 dilution of 10 x Lysis Buffer provided in the kit to
selected models on the day of harvesting and incubated for 45 minutes at 37 °C, 5 % CO..
Spontaneous LDH activity was measured from control wells with no xenobiotic compound
added. For the assay, 50 pL of each sample (including controls) was pipetted into wells of a
96 well plate. 50 pL of reaction mixture was then added to each sample well and mixed well.
The plate was incubated for 30 minutes at room temperature and in the dark, before 50 uL
of stop solution was added to each well and mixed by tapping. Absorbance was measured at
490 nm and 680 nm using a BioTek™ Synergy™ H4 Hybrid Multi-Mode Microplate Reader.
The 680 nm background reading was subtracted from the 490 nm reading before working

out cytotoxicity from the following equation=

Compound—treated LDH activity—Spontaneous LDH activity 100

% cytotoxicity =

Maximum LDH activity—Spontaneous LDH activity

2.8 Gene Expression experiments

2.8.1 RNA collection from cultured HepG2 cells

99



HepG2 cells were primed on 6 well Alvetex® Strata or the 2D surface of 6 well plates for 8
days, and cells were lysed and counted as standard, but were spun down a second time to
produce a cell pellet. To ensure no debris was released from Alvetex®, when lysing the 3D
primed cells, trypsin was flushed over the membrane repeatedly rather than using a cell
scraper as this minimised debris that could clog the RNA collection column. The kit used for
RNA extraction was Qiagen RNeasy® mini plus (Qiagen, Hilden, Germany), with
manufacturer’s instructions followed. Briefly, 350 uL Buffer RLT Plus (with 1 % of 2-
mercaptoethanol) was added to each tube of pelleted cells, with the pellet loosened by
thoroughly flicking the tube. The lysate was homogenised through passing it through a 20-
gauge needle fitted to an RNase-free syringe (BD, New Jersey, USA). The homogenised lysate
was transferred to a gDNA Eliminator spin column which was placed in a 2 mL collection tube
and centrifuged for 30 seconds at 28000 x g, and the column was discarded, with the flow
through retained. 350 uL of 70 % ethanol was then added to the flow through from each
sample and mixed with pipetting. The sample was then transferred to an RNeasy spin
column, which was again placed in a 2 mL collection tube and centrifuged for 15 seconds at
2800 x g, and the flow through was discarded. 700 pL of Buffer RW1 was added to the RNeasy
spin columns and these were centrifuged at 2800 x g for 15 seconds, and the flow through
was discarded. The RNeasy spin column was washed twice with 500 uL of Buffer RPE each
time, the first time for 15 seconds at 28000 x g, and the second time for 2 minutes at 28000
x g. The RNeasy spin columns were placed in new 2 mL collection tubes and centrifuged at
full speed for 1 minute. Finally, 50 pL of RNase-free water was added to the spin column
membrane which was placed in a fresh 1.5 ml collection tube and centrifuged for 1 minute
at 28000 x g to elute the RNA. RNA was quantified using a NanoDrop™ spectrophotometer.

At this point, the samples were ready for quality testing.

2.8.2 RNA collection from human liver tissue.

A sample of healthy human liver from a middle-aged female was snap frozen in small chunks
prior to RNA processing and stored at -80 °C. For processing, a scalpel was used to cut
samples of less than 20 mg of liver from different areas off the main section. The RNeasy®
mini plus kit was used again here for RNA extraction. Because of the high RNase content
present in the liver, homogenisation was carried out in liquid nitrogen and over dry ice, and
the rest of the extraction over ice to prevent RNase activity. Liver samples were homogenised
by thoroughly grinding with a pestle and mortar, before decanting the powder into an RNase

free liquid nitrogen cooled 2 mL centrifuge tube. After evaporation of liquid nitrogen, 350 pL
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of Buffer RLT Plus was added to the samples, followed by passing the sample through a 20-
gauge needle (BD) fitted to an RNase-free syringe at least 5 times. The lysate was centrifuged
for 3 minutes at maximum speed, with the supernatant being transferred to a gDNA
Eliminator spin column in a 2 mL collection tube. This was centrifuged for 30 seconds at
28000 x g, and the flow through was kept but the spin column discarded. 350 uL of 50 %
ethanol was added to each sample and mixed in with pipetting. The sample was transferred
to an RNeasy spin column placed in a 2 mL collection tube and centrifuged for 15 seconds at
28000 x g, with the flow-through discarded. Next, 700uL of Buffer RW1 was added to the
RNeasy spin columns, and they were centrifuged for 15 seconds at >8000 x g. The spin
column membranes were then washed twice with 500 pL of Buffer RPE, with a 15 second
centrifugation at 28000 x g after the first wash, and 2 minutes at 28000 x g after the second
with the flow through discarded after each wash. Columns were then placed in fresh 2 mL
collection tubes and centrifuged at full speed for 1 minute, before moving the columns to a
1.5 mL collection tube where 50 pL of RNase free water was added directly to the spin
column membrane. This was centrifuged at 28000 x g, eluting the RNA. The samples were
now ready for quality control steps. RNA was quantified using a NanoDrop™

spectrophotometer.

2.8.3 RNA quality control

Quality control was carried out on samples for next generation RNA sequencing (RNAseq),

ensuring that the best quality samples would be submitted.

2.8.3.1 Agarose gel electrophoresis

As a preliminary measure of RNA quality, the samples were run on non-denaturing agarose
gels. Gels were made from 1 % agarose in TAE buffer with 0.5 pg ethidium bromide, and 5
pL of sample loaded. Tanks were filled with TAE buffer containing 0.5 pg of ethidium
bromide, and gels were run at 100 V for roughly 70 minutes and imaged using a UV gel

imager.
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2.8.3.2 TapeStation

Samples were loaded onto an Agilent TapeStation (Agilent, California, USA) by the
Sequencing department in the Department of Biosciences at Durham University (Durham
University, Durham, UK). This was able to quantify the integrity of RNA and provide a score
which determined whether sequencing the samples was a viable option. A score of 8 or over
was accepted as suitable for sequencing. At this point, the four best quality replicates of each
sample were kept and used for sequencing, resulting in 4 x 2D, 4 x 3D primed, and 4 x human

liver samples.

2.8.4 RNA library preparation

The RNA libraries were assembled by the sequencing department within the Department of
Biosciences at Durham University. NEBNext Poly(A) mRNA Magnetic Isolation Module and
NEBNext Ultra Il Directional Library Prep Kit for Illumina (New England Biolabs,

Massachusetts, USA) were used to create the libraries.

2.8.5 Sequencing

Samples were sequenced using 125bp paired end sequencing on HiSeq 2500 using v4
chemistry in High Output mode, providing up to 60M paired end reads. This was carried out
by the sequencing department within the department of Biosciences at Durham University.
The adaptors used were NEBNext® Multiplex Oligos for Illlumina® and the raw data was

returned as FastQ files.

2.8.6 Data processing

For processing the raw data, Dr Wenbin Wei in the Department of Biosciences at Durham
University helped with the use of Linux and in using a pipeline to map the raw data to the
human genome and produce read counts from these. Data was processed using the BCBio
toolkit, which provided a pipeline through which Salmon was used for quasi-alignment to the
human genome with Homo_sapiens.GRCh38.cdna.all.fa.gz of ensembl release 98. This
produced gene counts which were imported into R for gene level analysis, and genes with
counts of 210 in 2 or more samples were kept. Count data was transformed using
regularised-logarithm transformation method and principle component analysis was
performed on this (and on untransformed data). Clustering analysis was performed using
both rlog transformed data, and untransformed data with Poisson Distance, and

differentially expressed genes were identified using DESeq2 which provided excel
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spreadsheets that included normalised expression values, fold change between the selected
conditions and associated statistics. Additionally, gene expression data from 1-day cultured

2D primary hepatocytes was obtained from https://www.ebi.ac.uk/gxa/experiments/E-

MTAB-5984/Downloads and differential expression against our samples was run in order to

provide an additional point of comparison. From this point, further data analysis and
interpretation was performed in RStudio by myself. See Appendix 1 for information about

supplementary DESEQ2 data supplied as an Excel spreadsheet.

2.8.7 Data analysis

RStudio software was used to analyse the differential expression data, with gplots being used
to produce many of the figures from the data. The heatmap.2 package was utilised to
produce gene expression heatmaps, venndiagram used for the Venn diagrams and

EnhancedVolcano used for the volcano plots.

Further in-depth interpretation was achieved through investigating the differentially
expressed genes in terms of their ontological groupings. Comparing a test gene set (for
example upregulated genes in 3D) against a reference library (for example, the human
genome), means that one can compare the genes in reference to particular annotations
(such as gene ontology), and search for over-representation in our test set compared to the
reference set. This provides a more meaningful insight into biological changes occurring as it
puts genes into context rather than looking at differences in individual genes which may have
wide reaching interactions in pathways that are obscured through isolated analysis. The
software used for this form of analysis was available online, and figures were produced using
the following: EnrichR (Chen et al., 2013), WebGestalt (Liao et al., 2019) and Reactome
(Fabregat et al., 2017).

2.8.8 RTqPCR

To validate the RNAseq results, and to investigate gene expression changes in hanging drop
models, RTqPCR was used with separately grown models. For validation of sequencing, 4
new biological repeats were grown of both hepG2 cells grown in 2D and on Alvetex® Strata,

with RNA extraction being carried out as aforementioned.
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2.8.8.1 Reverse transcription
After quantifying on a nanodrop, the RNA samples were converted to cDNA using the high
capacity cDNA reverse transcription kit (Thermo Fisher Scientific). A 20 pL reaction mix was

used consisting of the following:

e 2 uL 10X RT buffer

e 0.8 uL 25X dNTP

e 2 uL RT random primers

e 1 pl Reverse Transcriptase

e 14.2 pL of sample diluted with nuclease free water to make a final concentration of

1pg.
The Thermocycler was used with the following parameters:
e Step 1: Temperature 25 °C, Time 10 min
e Step 2: Temperature 37 °C, Time 120 min

e Step 3: Temperature 85 °C, Time 5 min

e Step 4: Temperature 4 °C, Time indefinite

Samples were then diluted with 80 pL of nuclease free water to make a final concentration

of 10 ng/uL.

2.8.8.1 Primers

Predesigned KiCqStart® SYBR® Green Primers primers were bought from Sigma Aldrich for

the following genes:
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Table 2.6: Primers used in RTqPCR

Common Name

Gene ID

Forward Sequence

Antithrombin

N-cadherin

Fibrinogen gamma chain

Vasodilator-stimulated

phosphoprotein

Transforming growth factor 1

Zyxin

SUN1

SUN2

Hepcidin

Sulfotransferase 1A1

Glutathione S-transferase Al

Albumin

Hypoxanthine-guanine

phosphoribosyltransferase

DNA topoisomerase 1

Ubiquitin C

SERPINC1

CDH2

FGG

VASP

TGFB1

ZYX

SUN1

SUN2

HAMP

SULT1A1

GSTA1

ALB

HPRT1

TOP1

UBC

CTTGAGGTAAATGAAGAAGGC

CTGGAACATATGTGATGACC

CTGGGACAATGACAATGATAAG

GGAATTGCAGAAAGTGAAAG

AACCCACAACGAAATCTATG

ACTACCACAAGCAGTACG

GTGTTTCTTCTTACCAGGTG

AGCCTTCAGATTCTCTTCAG

GTTTTCCCACAACAGACG

CTTCTATGAAGACATGAAGGAG

AGGTATAGCAGATTTGGGTG

AGCCTACCATGAGAATAAGAG

ATAAGCCAGACTTTGTTGG

CAAAGACGAAGAAGGTAGTAG

CGTCACTTGACAATGCAG

The final three genes (HPRT1, TOP1 and UBC) were used as housekeeping genes based on

the stable expression in the RNAseq data, and from identification of stable housekeeping

genes between 2D and 3D culture conditions in previous papers (Adeola, 2018; Rauh et al.,

2015).
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Forward and revers primers were reconstituted to a concentration of 100 uM with Tris-EDTA,
and a 10 uM stock was made with 10 pL of both reverse and forward primers in 80 uL of
nuclease free water. A working 2.5 uM solution of primers was used when running PCR by
diluting the stock 1 in 4 with nuclease free water. For each reaction, 20 ng of cDNA for each
sample was used. For the PCR, a 10 plL reaction was used which required the following

components for each reaction=

Table 2.7: Components required for 10 uL PCR reaction

Reagent/component Quantity

2x SYBR dye 5 puL
Forward/reverse Primer 1ul
Sample 2 uL
Nuclease free water 2 uL
Total volume 10 uL

Once everything was pipetted into 96 well PCR plates (Bio-rad), they were centrifuged at
1000 rpm for 3 minutes before being ran on the Bio-Rad CFX connect™ Real-Time System

(Bio-rad) using the following conditions:

Table 2.8: Settings for RTqPCR

Stage Temperature (°C) Time

cDNA synthesis 50 2 minutes

Initial denaturation 95 10 minutes
Denaturation 95 15 seconds
Annealing and extension 60 1 minute (x40 cycles)

Data was analysed through normalisation to the three reference genes (HPRT1, TOP1, UBC)

using the AACt method, and averaging the fold change after this normalisation.
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2.9 Electron microscopy

2.9.1 Scanning electron microscopy

To visualise HepG2 cells in high detail, scanning electron microscopy was used. Three
conditions were visualised: cells grown on 6 well Alvetex® Strata for 8 days, cells grown for 8
days in 2D then liberated and grown on 2D silicon chips for 1 day, and cells grown for 8 days

Alvetex® Strata then liberated and grown on 2D silicon chips for 1 day.

Alvetex® samples were cut into small sections and fixed in Karnovsky’s fixative (2 %
paraformaldehyde (PFA) (Sigma Aldrich) and 2.5 % glutaraldehyde (Agar Scientific,
Standsted, UK) in 0.1 M cacodylate buffer pH 7.4 (Agar Scientific) with distilled water) for 1
hour at room temperature before washing for 5 minutes in 0.1 M cacodylate buffer pH 7.6.
Samples were then incubated in 1 % Osmium tetroxide (Agar Scientific) made up in 0.1 M
cacodylate buffer for 1 hour followed by dehydrations in 50 %, 70 %, 95 % and 100 % ethanol
for 3x 5 minutes in each dilution. Samples were then dried using a Bal-tec CPD 030 critical
point dryer followed by sticking the Alvetex® onto silicon chips using double sided sticky tape.
Samples were then platinum coated using a Cressington 328UHR and were imaged on the

Hitachi S-5200 at 15 kV.

For cells grown on the silicon chips, they were fixed in Karnovsky fixative for 10 minutes
before washing for 5 minutes in a 0.1 M phosphate buffer. Samples were treated with 1 %
Osmium tetroxide made up in 0.1 M phosphate buffer for 10 minutes followed by
dehydrations in 50 %, 70 %, 95 % and 100 % ethanol for 2 minutes in each dilution with two
incubations in 100 % ethanol. Samples were then dried using a Bal-tec CPD 030 critical point
dryer and were then platinum coated using a Cressington 328UHR and imaged on the Hitachi

S-5200 at 15 kV.

2.9.2 Transmission Electron Microscopy

HepG2 cells grown on Alvetex® Strata for 8 days were analysed using transmission electron
microscopy (TEM) to examine structural properties. Small sections of the Alvetex® were fixed
in Karnovsky's fixative for 1 hour at room temperature and were then washed three times in
0.1 M cacodylate buffer pH 7.6 for 5 minutes each. These samples were treated in 1 %
osmium tetroxide for 1 hour, washed in 0.1 M cacodylate buffer, then dehydrated through
50 %, 70 %, 95 % and 100 % ethanol for 3x 5 minutes in each dilution. Following this, samples

were embedded in resin by first immersing them for 15 minutes in a 1:1 ratio mix of 100 %
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ethanol and propylene oxide (Agar Scientific) before being moved into a solution of pure
propylene oxide for another 15 minutes. Next, samples were immersed in a 1:1 mix of
propylene oxide and Agar 100 Epon resin (24 g Agar 100 Epon Resin, 9 g dodecenylsuccinic
anhydride, 15 g methyl nadic anhydride and 1.4 g benzyldimethylamine (Agar Scientific)) for
15 minutes, then were taken through three sets of 1-hour incubations in pure Agar 100 Epon
resin. Fresh resin was used to embed the samples in rubber moulds, and these were left to
polymerise at 60 °C for 24 hours. Sections of 1 um thickness were initially taken from samples
for toluidine blue staining. These were cut using a glass knife and a water boat on a Leica
UC6 microtome. Finally, for the TEM, ultra-thin sections (50 — 80 nm) were cut using a
diamond knife (Agar Scientific) on the Leica UC6 microtome and placed onto 200 mesh
copper formvar coated grids (Agar Scientific). These sections were stained with 1 % uranyl
acetate in 70 % ethanol for 10 minutes followed by washing in water and staining in
Reynold’s lead citrate for 10 minutes. Visualisation was carried out on the Hitachi H7600

TEM.

2.9.3 Toluidine Blue O Staining

Toluidine blue staining solution was made using 0.8 g sodium tetraborate, 100 mL distilled
water, 0.8 g toluidine blue and 0.2 g Pyronine and was filtered before use. Samples were
stained in toluidine blue by submerging them in the solution for 2 minutes followed by

washing in dH,0 and imaging on the Leica ICC50 microscope.

2.11 Diagram generation.

Diagrams were made either using Microsoft PowerPoint or created with BioRender.com.

2.11 Statistical analysis.

For analysis of quantitative data, GraphPad Prism 5 software was used. For comparison of 2
samples, the two tailed t-test was used (unpaired or paired depending on the data type), and
for more than 2 samples, the one-way analysis of variance (ANOVA) test was used, with
Tukey’s post-test being employed to compare each sample. All error bars on data (unless
otherwise specified) indicate standard error of the mean (SEM) as worked out in GraphPad
Prism 5. Throughout the data, independent biological repeats are denoted by using a capital
N, and technical replicates are denoted by using a lower-cased n. The following indicates

levels of significance denoted by stars:
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Symbol

ns

* ¥

* k¥

Meaning

P >0.05

P<0.05

P<0.01

P<0.001
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Chapter 3 — Protocol to maintain the
3D structure of cells through priming
on a three-dimensional substrate.
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3.1 Introduction

As discussed in the introduction, the liver plays an essential role in many biological processes
— namely glucose and fat metabolism, protein synthesis, hormone synthesis, urea
production, detoxification and storage (Silverthorn, 2013). The parenchymal and key
functional cell type in the liver is the hepatocytes, making up 70 % of the liver mass (Manco
et al., 2018), and therefore hepatocytes often remain the focus of liver research. Many in
vitro models of the human liver exist, with 2D cell culture having been long utilised to provide

a first point of contact for testing the toxicity of compounds and researching liver biology.

With research (especially in drug discovery) being particularly under the pressure of time and
money, simple yet functionally competent models are highly desirable, and as a result many
areas of liver research utilise the robust immortalised hepatocarcinoma cell line: HepG2.
Other cell types are also sometimes utilised in liver research, such as primary hepatocytes,
or terminally differentiated immortalised hepatic cell lines (HepaRG) — but ultimately the

methodology when 2D culture stays largely the same.

When cultured in 2D, the biological properties of hepatic cells deviate significantly from in
vivo hepatocytes, with de-differentiation posing a significant problem in primary
hepatocytes (Catherine C. Bell et al., 2018), resulting in cells losing hepatic function even
within the first 24 hours of culture due to an increased expression of microRNAs (Lauschke
et al., 2016). HepG2 cells lack expression of many key Phase | enzymes and liver specific
genes, resulting in poor predictions of toxicity and a lack of physiological relevance (Gerets
et al.,, 2012; Westerink and Schoonen, 2007a). HepaRG cells exhibit enhanced hepatic
function over HepG2 cells, but are expensive and still are not as predictive as terminally

differentiated primary hepatocytes (Gerets et al., 2012).

Culturing hepatic cells using 3D technologies has proven advantageous in preventing de-
differentiation in primary hepatocytes (Lauschke et al., 2019), and in partially bridging the
functional gap seen in hepatic cell lines (Luckert et al., 2017). However, shortfalls still exist in
the most easily utilised cell line — HepG2 cells, with highly variable differences in albumin and
urea production (key liver functional biomarkers) between HepG2 cells cultured in different
3D technologies (Luckert et al., 2017). Many of the current three dimensional liver models
use spheroid technologies to grow their cells (Ramaiahgari et al., 2014a; Shah et al., 2018;
Takahashi et al., 2015; Zhou et al., 2019) due to the relative ease with which these can be

grown, and the high throughput capabilities of such models. Hepatic function is also elevated
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in these models (Ramaiahgari et al., 2014a), with albumin and urea synthesis increasing, and
an increased tolerance for repeated doses of xenobiotic compounds being seen over the 2D
alternative. The spheroid models are evidently beneficial in terms of biological function,
however scaffold/hydrogel based models have also shown promising results in terms of
enhancing both the structure and function of HepG2 cells (Bokhari et al., 2007; Luckert et al.,
2017), and these technologies are able to support much larger cell numbers per model than
aggregates, whose size (and therefore cell number) are restricted by the fact that nutrients
cannot diffuse past a certain distance (~200 um) (Rouwkema et al., 2010). Spheroids may
also present challenges in imaging, due to their small size, whereas hydrogels and scaffolds
provide an easier medium for manual handling and processing. Therefore, in certain
applications where high cell numbers, or manipulation/handling of the model are desired,

scaffold-based technologies may be preferable.

One aspect that is often overlooked in creating physiologically relevant models is the
influence of time on the ability to form mature in vivo like structures. Culture of breast
epithelial cells for example involves formation of clonal acini from single cells which is a time
dependent process (Ow et al., 1992). The length of culture time in 3D has been shown to
affect the heterogeneity of tumours (Jain et al., 2020), and long term cultures of human brain
organoids allowed the establishment of mature features (Quadrato et al., 2017).
Interestingly, time is sometimes a problem in the opposite sense, particularly in 2D cultures
— primary hepatocytes, for example, dedifferentiate over time, with 272 differentially
expressed proteins being detected after 168 hours of culture on a collagen coated plate
when compared with freshly isolated cells, whereas only 40 proteins were differentially
expressed at 24 hours of culture (Heslop et al., 2017). This demonstrates the importance of
considering temporal variables when developing a new model. With HepG2 cells, elevated
expression and activity of the cytochrome P450 enzymes has been attributed more to the
influence of prolonged culture time than to the effect of 3D culture, with 2D cells after 21
days exhibiting similar metabolic functionality to 3D cells cultured for the same time (Luckert
et al., 2017). It is unknown whether this is due to a progressive differentiation related to cell
ageing, or due to a transition of the 2D monolayer into a third dimension from cells piling up
on each other once passing full confluency. Some differences were still noticed between 3D
and 2D culture at earlier time points (7 and 14 days) indicating that perhaps 3D culture helps
encourage faster progression into a mature functional model, but this highlights the drastic
influence of time. In this study, spheroids only fully matured at 7 days, and this is a time

point often used at minimum for 3D cultures.
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There is clearly a delicate balance between time, simplicity and the culture technique of the
model. Long term maintenance of cultures can be costly and inefficient; the potential impact
of infections or failed models becomes increasingly severe when more time has been
invested into the model. However it is suggested that models should not force the rapid
formation of 3D structures, as this would prevent full maturation of models, and limit proper
tissue architecture from forming (Lelievre et al., 2017). Mechanotransduction is also a time
dependent process with temporal signalling events taking place, and the mechanical
properties of cells being time-dependent (M et al., 1997; Shuaib et al., 2019; Tee et al.,
2009), and thus it is critical to give ample time for the cells to adapt mechanically to their
environment. Therefore, this project aims to strike a balance between culture time and
simplicity through creation of a unique culture method for HepG2 cells that allows time for
the appropriate mechanical changes to take place, while keeping in mind the practicality of
the model. By priming cells in a 3D microenvironment before reseeding into a secondary 3D
culture format, it is expected that the ability to form mature three-dimensional structures
with enhanced functional properties will be increased when compared to 2D cells seeded
straight into a 3D model. This could further build on the work of Luckert et al. in 2017 too, as
it is expected that adding a priming step in 3D may have clear beneficial effects even after
liberating and reseeding cells. This would help clarify the role of both temporal and
mechanical responses in cells changing their biological profiles in line with their culture

conditions.

Previous research in our lab has indicated that maintaining HepG2 cells in a 3D
microenvironment over continued passages results in enhanced functional properties
compared to 2D cells and cells grown for one passage in 3D. Cells maintained on a 3D scaffold
displayed structural features more reminiscent of the liver, a significant increase in albumin
production and phase | enzyme expression and a differential response to xenobiotic
compounds (Chhatwal, 2016). Despite the benefits of this method, it proved to be labour
intensive and time consuming. Therefore, the idea was simplified and utilised in this project
through creating a novel and easy to utilise technique for growing cells that provides one
additional stage in 3D culture to allow the cells chance to adapt structurally and functionally,
preparing them for placement into a 3D in vitro model for testing. The biological rationale
behind this is that mechanotransduction is a time-dependent process, and that this can be
harnessed through ‘priming’ cells in an initial 3D priming model which will provide chance
for mechanically induced changes to occur. Cells can then be liberated from this ‘priming’

model, before seeding into a final 3D model where we hypothesise that they will carry over
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their enhanced hepatic functionality compared to cells taken straight from 2D and placed
into the final model. This priming model will utilise the biologically inert three-dimensional
polystyrene substrate - Alvetex®, which comes in three different formats with different void
sizes depending on cell culture requirements as outlined in Chapter 1.7 of the introduction.
Alvetex® provides a suitable three dimensional topography on which to grow HepG2 cells,
with a capability of maintaining viability in large cell populations, and the fact that this is a
biologically inert substrate restricts any effect on the cells from extraneous variables outside
of the mechanical changes. All experiments in this chapter were carried out using 6 well sized

Alvetex® membranes.

3.2 Hypothesis and aims

The aim of this chapter is to create a reproducible 3D priming model for growing cells on, to
prime them structurally and functionally for subsequent reseeding into a final 3D model. This
model should create a thick layer of HepG2 cells that are able to form multiple cell-cell
contacts as well as cell-substrate contacts in order to mimic the tight, multipolar packing of
hepatocytes seen in the human liver. This layer of cells needs to be accessible and easy to
liberate due to the desired purpose of reseeding them into a final 3D model. Finally, this
model needs to be simple, time effective, and provide enough cells to make it a viable

technique for subsequent seeding into high throughput assays.

It was expected that through testing different formats of Alvetex®, different ways of applying
media, and different growth conditions, that we could create an optimised technique for
growing HepG2 cells on Alvetex®. This optimised technique should result in enhanced
structural properties of the HepG2 cells, bringing them closer to the morphology of in vivo
hepatocytes, and that due to mechanotransduction, the function would also be improved
(these aspects will be tested for in later chapters). These enhanced qualities should carry
over and be retained in the final 3D model, where the primed HepG2 cells would display
more biologically relevant properties over HepG2 cells placed into a 3D model straight from

2D.

3.3 Objectives

The objectives of this section were as follows:

e Test which format of Alvetex® allows for optimum growth of HepG2 cells aligning

with the aims.
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Test how the Alvetex® placement in the well (i.e. in inserts, or unclipped at the
bottom of the well) affects the growth of HepG2 cells.

Test how media application and availability affects the growth of the HepG2 cells.
Test how long to culture the HepG2 cells for in the priming model, in order to make
a thick and viable cellular layer whilst avoiding apoptosis and necrosis.

Investigate different liberation techniques, and how best to preserve cell viability

when removing cells from the priming model.
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3.4 Results

3.4.1 The placement and format of Alvetex® impacts cell growth on the membranes

In order to achieve a substantial layer of HepG2 cells growing on the 3D substrate,
optimisation was needed to investigate which format of Alvetex® (Scaffold, Strata or Polaris)
facilitated this the best. Consideration was also given as to how the membranes should be
placed within the wells. If the membranes were clipped into the inserts (Figure 3.1 — ‘insert’),
then media would be available from both above and below the membrane, ensuring that
essential nutrients were readily available to the growing cells. Unclipping the Alvetex®
membrane and placing it at the bottom of the well (Figure 3.1 — ‘well base’) was also
considered a potential method as well, due to the possibility that restricting media
availability to only above the cells could lead to a thicker layer of cells growing on top of the
membrane because of chemotaxis towards the nutrient gradient. Therefore H&E images
were taken of HepG2 cells being grown on each format of Alvetex® for 7 and 14 days with

the Alvetex® either in the well base or in an insert (Figure 3.2).

Alvetex® disc

Well Base Insert

FS——

|
10 mL media

Figure 3.1: Alvetex discs can be placed at the bottom of a well (well base) or in an insert.
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Figure 3.2: Growing cells in an Alvetex® insert showed better morphologies than growing

on an Alvetex® disc at the bottom of the well.

H&E stain of 7 day and 14 day grown HepG2s seeded at 1 x 10° cells per well on 3 different
formats of Alvetex®, with the substrate either clipped into an insert or placed at the bottom

of a well (well base). Scale bar = 50 um.

Figure 3.2 clearly demonstrates that cells grown on Alvetex® in the inserts were able to form
thicker multilayers compared to the very thin and sparse populations of cells seen in the ‘well
base’ format. The thickness did not appear to increase significantly in most formats of
Alvetex® after 14 days, apart from in the ‘insert’ placement of Alvetex Scaffold where the
thickness more than doubled after 14 days (Figure 3.3). This experiment indicated that
restricting the media availability to just above the substrate did not benefit the growth of
the cells. From the quantification data (Figure 3.3) it would appear that Alvetex® Scaffold
was able to facilitate growth of the thickest layers of HepG2 cells, but upon examining the
histology, the cells grown in Alvetex® Scaffold were clearly more spread out within the
substrate — especially after 14 days. This does not align with the aim of creating a thick,
compact and easily accessible layer of HepG2 cells which are able to form multiple cell to cell

contacts.
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Figure 3.3: Cells formed thicker layers in inserts compared to at the bottom of a well.

Total cell layer thickness quantification of cells grown in the 3 types of Alvetex® either in an

insert or at the well base (well bottom) for either 7 or 14 days. N= 3 n= 3, Error bars = SEM.

Further evidence that the ‘well base’ placement of the Alvetex® disc was sub-optimum is
provided with fluorescent microscopy images of 7 day grown HepG2 cells. HepG2 cells were
stained with Hoescht 33342 in Figure 3.4 to stain the cell nuclei allowing for easy visualisation
of their positions, and of HepG2 cells stained with Hoescht 33342 and probed for E-cadherin
in Figure 3.5, to indicate the presence of cell-to-cell contacts. E-cadherin was chosen for a
preliminary structural marker due to its high expression in epithelial cell types (of which
hepatocytes are one) (Peéina-Slaus, 2003). The Hoescht 33342 stain clearly shows the same
pattern as the H&E stains, with poor growth of HepG2 cells displayed in the well base
Alvetex®, and thicker layers displayed in Alvetex® within the inserts. Again, there are thicker
but more spread-out layers of HepG2 cells in Alvetex® Scaffold, but Strata and Polaris appear
to show multi-layered growth with more opportunity for cell to cell contacts. Indeed, this

was confirmed with the E-cadherin probe seen in Figure 3.5, where the presence of E-
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cadherin is clearly elevated in the Alvetex® placed in an insert. The presence of E-cadherin is
not consistent across the cell layers even in the inserts but appears to be more steadily
expressed across the HepG2 cells grown on Strata and Polaris compared to Scaffold. With
these data combined, it was clear that the well base placement of Alvetex® did not provide
the conditions necessary to facilitate growth of the HepG2 cells to a suitable level, and
therefore this was ruled out as a condition. All data going forward was gathered from cells

grown in Alvetex® discs placed in inserts.

3.4.2 The media application technique significantly altered the thickness of the cell

layers.

Moving forward, the next consideration in optimisation of the model was how the media
was applied. Previous lab data suggested that a thinner layer of media on top of the
membrane resulted in thicker cell sheets forming, so this was tested using the ‘contact’
method (Figure 3.6). This method used 5 mL of media underneath the Alvetex insert, and 0.5
mL containing the cells on top, meaning media was in contact with the cells but not overly
flooding them. The growth of cells using the contact method was compared to using
submerged cultures with either 8 mL or 10 mL of media (Figure 3.6). An added point of
comparison was whether applying media inside or outside the insert first would make a
difference due to possible effect of flushing freshly seeded cells out of the insert when fully

submerged.

These conditions were visualised first by using a neutral red stain to macroscopically visualise
HepG2 cell growth after 3 days (Figure 3.7). Neutral red was applied to both the Alvetex®
substrates and to the bottom of the wells to detect if any cells were being washed off and

were growing on the plastic well surface.
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Figure 3.4: Hoescht 33342 staining further highlights the benefits of growing cells on

Alvetex® kept in the insert rather than at the well base.

Images taken of paraffin embedded HepG2 cells stained with Hoescht 33342. HepG2 cells
were seeded at a density of 2 x 10° cells onto the three formats of Alvetex® either in inserts

or at the well base and were stopped after 7 days of growth. Scale bar = 50 um.
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Figure 3.5: E-cadherin immunofluorescence indicates more cell to cell contact formation in

the insert format as opposed to the well base format.

Images taken of paraffin embedded HepG2 cells probed with anti-E-cadherin using
immunofluorescence. HepG2 cells were seeded at a density of 2 x 10° cells onto the three
formats of Alvetex® either in inserts or at the well base and were stopped after 7 days of

growth. Scale bar = 50 um.
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The neutral red stains do not reveal many differences between the different methods of
applying media when completely submerged. However, there is a clear increase in neutral
red stain intensity with the contact method. This indicates a thicker cell layer present, and
this is likely due to less disruption to the cells during media changes, meaning less instances
where cells might be flushed out of the insert. This format also potentially allows for a greater
oxygen gradient, which is important in the liver for zonation and the function of the
hepatocytes (Kietzmann, 2017). The oxygen concentration will be higher for cells at the top
in the contact method due to them being closer to the air-liquid interface. Interestingly, in
the Polaris contact condition, cells seem to be growing at the bottom of the well (Figure 3.7).
This may be due to a limited ability for the cells to anchor themselves in this format of
Alvetex® which has very small void sizes, meaning the cell layers can be washed off more
easily. The neutral red stains indicate that the cells are growing across the whole membrane
of the Alvetex®, but in the submerged methods, the layers seem to be the thickest around
the outside edges which may indicate that the submerged method pushes cells to the outer

boundaries of the membrane more than the contact method.

Contact Submerged Submerged
5mL 8 mL 10 mL

Figure 3.6: Media was applied at three different volumes to test cell growth.

Due to the lack of difference seen within the submerged conditions, using 10 mL of media
with media applied inside then outside the insert, was picked to be used as a comparison
against the contact method. Growth of the HepG2 cells was assessed through histological
staining with H&E to investigate the difference between submerged and contact growth over
7 days (Figure 3.8). These images made it very apparent that cells were able to grow much
thicker layers using the contact method, particularly within Alvetex® Scaffold which had
evidently more cells growing within it than Strata and Polaris. Importantly, the cells growing

in Scaffold were located within the substrate rather than residing on the surface.
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Out—in8 mL Out—in 10 mL In—out 8 mL In—out 10 mL Contact 5 mL

Scaffold
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Figure 3.7: Neutral red images highlight how using a ‘contact’ media application method

results in thicker cell layers.

Images taken of neutral red stained Alvetex® membranes and well surfaces from cultures of
HepG2 cells seeded at 5 x 10° cells onto the three formats of Alvetex® in varying presentations
after 3 days of growth. The order of Out and In refers to the order in which the media was
applied to the insert (outside the insert then inside, or vice versa), or contact where a thin

layer was applied on top. The volume refers to how much media in total was applied.
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Figure 3.8: H&E stains of 7 day grown HepG2 cells shows thicker cell layer growth with the

contact method compared to submerged.

Images taken of paraffin embedded H&E stained HepG2 cells seeded at 5 x 10° cells onto the

three formats of Alvetex® in using two different media application techniques, grown for 7

days. Scale = 100 um.
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This presented potential issues for liberation and also restricted the amount of cell-cell
contact possible. The cells growing on Strata and Polaris displayed desirable qualities for the
priming model — they grew on a 3D topography, exhibiting a multi-layered cell sheet, yet
were not penetrating the substrate significantly meaning that cell-to-cell contacts can form,

and easy liberation was possible.

It was also noticed that in certain regions of growth in Scaffold that the cells near the top
were exhibiting unusual morphology (Figure 3.9 top panel) with features suggesting
apoptosis: cell shrinkage, nuclear shrinkage, and hypereosinophilic cytoplasms (Maronpot,
2016). Therefore, to test for this, a TUNEL assay was performed which tests for apoptosis by
detecting double stranded DNA breaks. Indeed, HepG2 cells grown in Scaffold showed
positive staining in the upper layers (Figure 3.9) showing that apoptosis was occurring. This
was likely due to nutrient starvation occurring in Scaffold, considering that nutrient diffusion
is reported to be limited to distances of up to 200 um in engineered tissues (Rouwkema et
al., 2010), and the cell layer thickness were growing close to that on Scaffold. Therefore,

Scaffold was ruled out as a format of Alvetex® format for use in the priming model.

3.4.3 Seeding density did not significantly affect the growth of HepG2 cells on

Alvetex®.

The number of cells seeded onto Alvetex® was altered to see if it would affect the cell layer
thickness (Figure 3.10). This experiment also compared the contact and submerged media
application again, but this time only with Strata and Polaris. H&E images revealed that there
was little visual difference in cell growth between three different seeding densities (0.5 x106,
1 x10° and 1.5x10°), aside from a slightly thinner layer present in contact Strata at 1.5x10°
cells compared to the other two densities. The quantification of cell layer thickness indicated
the same trend, with the thickest layers present in the lower two seeding densities of contact
Strata. A stark contrast in the layer thickness was present between submerged and contact
cultures, with contact cultures having distinctively deeper layers. Using the contact method
of applying media is clearly beneficial in terms of producing a thick cell sheet that is healthy
in appearance. The cells appeared to be more anchored within the substrate in Strata
compared to Polaris, where the cells were purely sitting on top of the membrane. Moving
forward, a seeding density of 1x10°cells per 6 well Alvetex® membrane was selected due to

the consistent cell layers observed.
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Positive control

7 Day Contact Scaffold

Figure 3.9: Alvetex® Scaffold exhibits cell death due to thick cell layers present.

(Top panel) Image taken of paraffin embedded H&E stained HepG2 cells seeded at 5 x 10°
cells onto Alvetex® Scaffold using the contact media application technique and grown for 7
days. Scale = 100 um. (Bottom panel) Image taken of HepG2 cells seeded at 5 x 10° cells onto
Alvetex® Scaffold using the contact media application technique and grown for 7 days and

stained for apoptotic cells using the TUNEL detection kit alongside DAPI to stain the nuclei.
Scale = 50 um.
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Figure 3.10: Media application but not seeding density significantly affects the thickness of

the cell layers.

H&E images taken of paraffin embedded HepG2 cells seeded at three different densities of
cells onto the Strata and Polaris formats of Alvetex® using contact and submerged media
application after 7 days of growth, fixed in 4 % PFA. Scale bar = 100 um. Graph showing the

subsequent analysis on the cell layer thickness. N=4, n= 3, Error bars = SEM
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3.4.4 Leaving HepG2 cells in 3D culture for longer results in thicker but less viable

cultures.

To examine the optimum culture time of the cells, ideally a trypan blue exclusion live/dead
cell count would be used, however this relied on having an optimised liberation technique
which at this point was not achieved. Therefore, to give an initial idea of how long viability
could be maintained in 3D culture, an MTT assay was performed on cells grown for different
lengths of time on Alvetex® Strata using the contact media application method (Figure 3.11).
As the graph demonstrates, the metabolic activity of the cells (as measured by MTT
absorbance) decreases after 9 days in culture, with the 10" day and onwards exhibiting
notably lower readings. This assay is often used as a measure of cell viability, and this

indicated that the health of the cells was impacted over longer culture periods.

MTT on Cells Grown on Strata
0.6

0.4

0.2

Absorbance at 570 nm

0.0———TTTT7TT T 7T
0 2 4 6 8 10 12 14

Days in culture

Figure 3.11: MTT assays show that cell metabolic activity notably decreases after 9 days in

culture.

Graph created from absorbance readings taken after MTT assays on HepG2 cells grown in
Alvetex® Strata for various lengths of time in culture using the contact method of media

application and seeded at 1 x 10° cells per membrane. N= 3, n= 3, error bars = SEM

In Figure 3.12, neutral red staining demonstrates the growth of the total cell populations
macroscopically after either 7 or 14 days on the Alvetex® membrane. Allowing for 14 days
growth with the contact method resulted in a more homogenous layer that completely

covered the membrane, but little difference is observable with the submerged method.
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Interestingly, the neutral red stains on Polaris revealed that there was incomplete coverage
of the membrane in all conditions. This is likely due to this substrate restricting any form of
penetration from the cells, meaning that the layer could easily be disrupted with media
changes. The contact method clearly resulted in more intense neutral red staining in both
Alvetex® formats, indicating more cells present on the membrane. After 7 days of growth
using the contact method, cells on Strata had covered the membrane significantly, but there
were some areas with less growth, but still this growth was much less patchy than Polaris.
The fact that the membrane was completely covered after 14 days in this condition suggests

that the regions of low growth were time related and not due to cells being flushed off.

H&E stains were then performed (Figure 3.13) on sections cut from cells grown using the
same conditions as in Figure 3.12. These H&E stains showed similar patterns to the neutral
red stains, with thicker layers consistently present in the contact method over submerged,
and with patchy growth on Polaris (particularly evident at 14 days using the contact method).
With the submerged method, culture time did not seem to affect thickness, however within
the contact method, 14 days of growth results in thicker layers. The quantification of cell

layer thickness backed up these observed patterns.

Submerged Contact

Strata Polaris Strata Polaris

7 Days

14 Days

44

Figure 3.12: Neutral red staining reveals that HepG2 layers grown on Alvetex® Polaris

exhibit patchy growth; likely due to low anchorage into the substrate.

Neutral red images taken of HepG2 cells seeded at 1 x 10° cells onto the Strata and Polaris
format of Alvetex® using contact and submerged media application after 7 and 14 days of

growth.
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Figure 3.13: Strata is the optimum balance between a thick layer of cells and good
adherence to the substrate.

H&E-stained images taken of HepG2 cells seeded at 1 x 10° cells onto the Strata and Polaris
format of Alvetex® using contact and submerged media application after 7 and 14 days of
growth. Scale bar = 100 um. Graph showing the subsequent analysis on the cell layer

thickness. N= 4, n= 3, error bars = SEM
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At the 14-day timepoint there is also visual evidence of cell death occurring, with cellular and
nuclear shrinkage occurring in the contact cultures, suggesting that the MTT data was indeed
indicative of decreasing viability in longer culture periods. Therefore, from the MTT and

visual data, it was decided that 8 days of culture time would be the used going forward.

3.4.5 Mechanically scraping the cell layer after incubation with trypsin proved to

be the most suitable method for liberating cells whilst preserving viability.

One key aspect of the priming model was the requirement for easy liberation of the cells
whilst maintaining their viability in order to be able to re-seed them into a secondary 3D
model. Therefore, multiple potential methods of liberation were tested to determine how
best to retrieve the cells. Firstly, a preliminary test of different mechanical methods used in
conjunction with a 10-minute incubation of trypsin was carried out on both Polaris and Strata
(Figure 3.14). The methods employed were either using a soft rubber cell scraper to gently
scrape the Alvetex® membrane submerged in tryspin, flushing the membrane repeatedly
with trypsin, or agitation via placing the membrane on a shaker whilst incubating with
trypsin. H&E images were taken of the Alvetex® membranes fixed either before or after
liberation of the cells using the three different methods (top panel, Figure 3.14), as well as a
trypan blue cell count performed on the liberated cells (bottom panel, Figure 3.14). The H&E
images highlighted how in Strata, complete liberation was only achievable when the
membrane was scraped, with debris and cells still visible after treatment in both the flushing
and agitation conditions. In Polaris however, due the lower anchorage of cells, there was less
debris in general, and flushing was also able to completely remove the cell layer as well as
scraping. Cell counts of the liberated cells were markedly higher in cells removed from Strata
when using the scraping technique. Scraping appears to gather the most complete
representation of the cell population according to the H&E images, and the cell counts

suggest that Strata is able to maintain a higher cell number on the membrane than Polaris.

Now that an initial liberation technique was identified, it was possible to test how the media
application affected cell counts and viability (Figure 3.15). From the resultant live/dead cell
counts, it was clear that using the contact media method allowed for significantly higher
numbers of cells to grow, with the liberated live cell count from each membrane sitting at an
average of 1.8 million with contact cultures, but only 1.2 million in submerged cultures.
Contact cultures were therefore better in growing a suitably high number of cells for
reseeding after priming. Viability was decreased in contact cultures, with a mean viable

population of 80 % of cells compared to 89 % viability in submerged cultures; given the higher
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Figure 3.14: Scraping is the optimum retrieval technique to use for cell retrieval

H&E-stained images (top) taken of paraffin embedded HepG2 cells seeded at 1 x 10° cells
onto the Strata format of Alvetex using contact media application after 7 days of growth,
fixed with 4 % PFA. Images taken before and after varying methods of retrieval. Scale: 100
um. Graph showing the subsequent live cell counts of cells retrieved using each method. N=

1 n=3 Error bars: SEM.
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Figure 3.15: Submerged cultures yield much lower cell counts but are more viable than

contact cultures.

Graphs displaying live/dead cell counts (top) and percentage viability (bottom) calculated
from trypan blue exclusion of HepG2 cells grown on Alvetex® Strata for 8 days at a seeding
density of 1 x 10° cells per membrane, using either the submerged or contact media
application method. Cells were liberated for counting using the scraping method after 10

minutes of trypsinisation. N= 3 n= 3, Error bars = SEM.
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cell yields in contact this is expected. Based on this and the previous data, only contact

cultures were used going forward.

Trypsin, versene, and a PBS control were compared to see if the liberation agent used would
make a difference (Figure 3.16). The results from this revealed that trypsin results in the best
removal of cells from the membrane due to the much higher viability of liberated cells (78
%) compared to viabilities of under 40 % when using versene or trypsin as liberation agents.
In the H&E images, cell debris was observed in all three conditions after liberation, unlike the
first experiment, however the cell counts of liberated cells were even higher. The MTT assay
showed that after liberation, there was very little metabolic activity present, suggesting that

the majority of the cells were removed from the membrane in all conditions.

Each of these liberation agents were considered in greater detail by seeing if the incubation
time with trypsin would affect the viability and effectiveness in removing the cells from the
substrate. Trypsin appeared effective at removing the cells at all timepoints (Figure 3.17),
although the overall cell counts of liberated cells did increase slightly in the longer
incubations. Viability was not affected though, and the MTT data also indicated complete
removal of cells from the membrane. Unlike trypsin, versene (Figure 3.18) and PBS (Figure
3.19) are not able to produce viable populations of liberated cells at any time points. This is
likely due to these agents being much weaker at dissociating cells, resulting in a higher
mechanical stress damaging the cells when using a cell scraper. The viability of the liberated
cells did not exceed 50 % with versene, and was less than 40 % with PBS, compared to 70 —

80 % viability in trypsin.

The MTT values did however indicate complete removal of cells from Alvetex® Strata in all
cases (apart from an outlier after 20 minutes in versene in Figure 3.18). This indicates that
using a cell scraper is indeed a very effective technique at retrieving complete populations
of cells from our chosen substrate. Therefore, the fully optimised liberation technique was

to incubate the cells in trypsin for 10 minutes before gently scraping them and counting.
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Figure 3.16: Trypsin is the most effective liberation agent for retrieving a viable population

of HepG2 cells.

H&E stain of 8 day grown HepG2 cells seeded at 1 x 10° cells onto Strata before and after
liberation using a cell scraper following 10-minute incubation with different agents (trypsin,
versene or PBS). Scale: 100 um. Bar charts showing quantification of live/dead cell counts and
the mean percentage viability for each agent. MTT assays were performed on membranes

before and after liberation. N= 3, n= 3, Error bars = SEM.
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Figure 3.17: Trypsin is effective at removing cells from Alvetex® regardless of how long it

is applied for.

Bar charts showing quantification of live/dead cell counts and the mean percentage viability
for each agent after liberation using a cell scraper after incubation with trypsin for different
time points. MITT assays were performed on membranes before and after liberation. Cells
seeded at 1x10° per insert and grown for 8 days. Counted on a haemocytometer — images

shown above. N= 3, n= 3, Error bars = SEM.

136



Versene Viability
Versene time point cell counts

2s 100-
_ Bl Alive 80
£ 20 ER Dead - 1
E 151 3
£ >
3 1.0 2
o
o
Q
N D S © D $

Incubation time (minutes)

Incubation time (minutes)

MTT on Strata after incubation with Versene
0.5+

o e o
(%) w 'S
1 L L

Absorbance at 570 nm
=}

o
o
I

'}@ N P S
&
S

Incubation time (minutes)

Figure 3.18: Liberation using versene does not produce viable populations.

Bar charts showing quantification of live/dead cell counts and the mean percentage viability
for each agent after liberation using a cell scraper after incubation with versene for different
time points. MTT assays were performed on membranes before and after liberation. Cells
seeded at 1x10° per insert and grown for 8 days. Counted on a haemocytometer — images

shown above. N= 3, n= 3, Error bars = SEM.
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Figure 3.19: Liberation using PBS appears to kill the majority of cells.

Bar charts showing quantification of live/dead cell counts and the mean percentage viability
for each agent after liberation using a cell scraper after incubation with PBS for different time
points. MTT assays were performed on membranes before and after liberation. Cells seeded
at 1x10° per insert and grown for 8 days. Counted on a haemocytometer — images shown

above. N= 3, n= 3, Error bars = SEM.
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These data were able to establish a robust method for liberating cells meaning that trypan
blue exclusion live/dead cell counts could be used to further clarify the results seen in Figure
3.11 regarding optimum growth time of cells. Growth curves were thus created from cells
grown using both the contact and submerged media application techniques (Figure 3.20).
The growth curve from the cells grown using the contact method shows a similar pattern to
the MTT growth curve, though it appears that the viability starts dipping here at 10 days in
culture rather than after 9 days as indicated by the MTT. Interestingly despite the decrease
in viability, there is a spike in total cell numbers occurring at 10 days in submerged and 11
days in contact cultures, though the number of dead cells also increases, resulting in the
overall decreasing viability. Cell counts are much higher in contact cultures compared to
submerged cultures at all time points, reaching over double the number of cells at the later
stages. After 8 days in contact culture there is a healthy cell number present, and viability

was high therefore this was kept as the chosen culture time for the priming model.

Finally, the growth of HepG2 cells in the fully optimised 3D priming model was compared to
the growth of HepG2 cells in 2D flasks at different time points (Figure 3.21). Comparing the
H&E images of growth in 3D at 1 and 4 days, there is not much evidence of proliferation with
the cell layer looking largely similar in terms of thickness and coverage. However, after 8
days, there is clearly a consistent and thick layer of HepG2 cells growing across the
membrane and at this timepoint, the cells have become completely confluent in 2D culture
as well. This shows that at 8 days, both 2D culture and 3D culture is comparable due to the

cells having formed a confluent layer in both conditions (albeit a monolayer in 2D).
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Figure 3.20: Contact cultures have slightly decreased viability than submerged cultures, but

contact results in much higher cell counts.

Graphs showing the percentage viability (top) and growth curves (bottom) of both contact
and submerged cultures of HepG2 cells seeded at 1x10° cells onto the Strata format of Alvetex
using contact and submerged media application, counted using the scraping method. N= 3

n= 3 Error bars = SEM.
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Figure 3.21: Contact cultures have slightly decreased viability than submerged cultures, but

contact results in much higher cell counts.
Phase contrast and H&E images of cells grown in a 2D 6 well plate, or in 3D on Alvetex Strata®,

seeded at 1x10° cells per insert / well, for 1, 4 or 8 days. Scale bar = 100 um
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3.5 Discussion

3.5.1 Optimising a robust and reproducible priming model.

Many variables affecting growth of HepG2 cells were tested in this chapter. The most obvious
variable to initially investigate was the format of Alvetex®. With three different options
available, and each with different void sizes, the three formats were used in many of the
optimisation experiments to fully understand how other variables might impact growth
within these different substrates. It became clear through many of the H&E images (e.g.
Figure 3.8) that while Alvetex® Scaffold was able to facilitate large cell populations, the cells
were too embedded within the substrate to make liberation easy. This high level of
penetration also meant that many of the cells were not in close contact with each other, and
as some preliminary E-cadherin immunofluorescence revealed (Figure 3.5), the formation of

cell-to-cell contacts was limited to only certain areas of cell growth in Scaffold.

The early test for E-cadherin was also important as it signified the type of analysis that will
be carried out later in this project. E-cadherin has important roles in mechanotransduction,
including defining the heterogeneity of epithelial cell lines (B. Wang et al., 2016), and
modulating cell stiffness through regulating the actomyosin cytoskeleton (Smutny and Yap,
2010). E-cadherin is important in hepatocytes, particularly in the formation of 3D structures
such as spheroids (Luebke-Wheeler et al., 2009). Due to the secondary 3D culture step
possibly utilising spheroid or aggregate cultures, there is extra significance in looking for E-
cadherin expression as expression of it may indicate suitability of this as a priming model for

reseeding.

The other two formats of Alvetex®, Strata and Polaris, showed more promise in fulfilling the
aims of this chapter, with both membranes able to support a multi-layered cell sheet, which
while on top of the substrate, was still maintained on a 3D topography. These cells presented
more consistent E-cadherin staining and were more accessible for liberation. Throughout the
various experiments, it became apparent that Polaris had a reproducible issue with cells
washing off the membrane due to a lower anchorage within the substrate — particularly
evident through the neutral red stains Figure 3.12. Therefore, ultimately Strata was chosen
for its ability to allow consistently thick cell layers to grow on top of it, allowing for easy
liberation while providing enough anchorage to the cells to stop excessive cell loss through

media changes.
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Alongside testing the different Alvetex® formats, many other variables were investigated
simultaneously. The cells were able to proliferate much more when the Alvetex was used as
an insert over simply placing the membrane at the bottom of a well where the nutrient
availability was restricted to only being above the membrane. Another significant variable
was how media was applied, with completely submerged Alvetex® inserts resulting in
significantly thinner cell layers forming compared to inserts where just a small film of media
was applied on top of the membrane (the ‘contact’ method). This trend has been noticed in
previous work in this lab, and is most likely due to increased surface tension, less turbulence
between media changes, and a potentially stronger oxygen gradient for the cells which is an

important physiological aspect of the liver.

Culture time was a key consideration due to the concept behind this being that we want to
provide cells with time to adapt structurally and functionally to a 3D microenvironment
before reseeding them in a subsequent secondary model to reap the benefits of their
enhanced characteristics. Through H&E histology, MTT growth curves and live/dead count
growth curves, it was evident that at the 14-day time point, cells were dying. According to
the growth curves (Figure 3.11, Figure 3.20), cell viability was dropping at around 9-10 days
in culture, and therefore 8 days was chosen as the optimum culture time due to it striking a
balance between duration and viability. The three cell seeding densities tested did not
appear to affect the growth significantly, and therefore 1x10° cells per membrane was

chosen for ease.

3.5.2 Challenges of cell retrieval.

The other main facet of optimisation was focussed on how to retrieve the cells from the
membrane after 8 days of growth. This was an important area to focus on as it is known that
mechanical forces for dissociation or disaggregation can be damaging to the cells (Failli et al.,
2009). A paper looking at mechanical and enzymatic detachment showed that both these
methods were detrimental to cell morphology and the ECM in comparison to a smart

polymer used for cell sheet detachment (Canavan et al., 2005).

Inevitably, retrieval of the cells would include some form of disruption to the cell layer, but
it was hypothesised that structural and functional changes from priming would be retained
due to altered gene expression. Evidence has pointed to this being the case before, with
mechanically triggered activation of YAP/TAZ providing a mechanism through which cells can

store information from prior physical environments (C. Yang et al., 2014). Compellingly it has

143



recently been proposed that substrate stiffness results in altered transcriptional responses
that then give rise to mechanical memory within the cells (Mathur et al., 2020). Therefore it
is reasonable to believe that whilst certain aspects may be disrupted within the cells during
liberation (active cell-cell contacts for example) that there will still be a structural and
functional advantage to cells that have a history in a 3D environment over cells taken from

2D, due to cells having been pre-conditioned to adopt a three-dimensional structure.

The difference between trypsin-EDTA and EDTA (versene) was investigated due to the
importance of wanting to preserve morphology and viability. Trypsin is a serine protease
(Rawlings and Barrett, 1994) that is used in cell culture to detach adherent cells from the
substrate surfaces by cleaving the adherent proteins. Trypsin has been shown to remove
glycoproteins and glycosaminoglycans from the cell surface (Vogel, 1978), and has a more
potent effect on detachment compared to just EDTA on its own. EDTA is a Ca®* chelating
agent that binds divalent cations and prevent the joining of calcium mediated adhesions
(Freshney, 2010). Papers have previously and successfully used EDTA alone for enzyme free
cell detachment (Beers et al., 2012; Heng et al., 2009), as it stops the potential batch to batch
variability of enzymes, as well as avoiding the proteolytic effect of trypsin and preserving the
membrane surface proteins. Therefore, the use of EDTA (versene) alone was compared to
trypsin EDTA, along with a PBS control showing just the mechanical effect of scraping the

cells.

The data on cell liberation presented a strong case for combining mechanical and chemical
dissociation techniques, through using a cell scraper alongside trypsin. A cell scraper clearly
removed significantly more cells than flushing or agitating the Alvetex® could yield (Figure
3.14). Whilst utilising this method did completely disrupt the cell layer (Figure 3.16), the
populations retrieved using trypsin and scraping were much more viable (74 %) than using
the gentler versene (37 %), or PBS (34 %). This was likely due to less mechanical stress
occurring when cell dissociation was aided through the enzymatic action of trypsin.
Interestingly, the typical viability range of human hepatocytes is between 70 — 90 % (Bayliss
and Somers, 2005), and only through using trypsin and scraping did the HepG2 cells fall
within this range. The length of time that cells were incubated with the liberation agent did
not impact the viability, therefore 10 minutes was chosen as the optimum time to incubate
with trypsin, to avoid overly stressing the cells. It is important to note that in future chapters,
when comparing cells with either a 2D or 3D primed history; the cells will have been liberated

using the same techniques from both 2D and 3D by disruption through trypsin and scraping,
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therefore they will be directly comparable when assessing how they form secondary

cultures.

Subsequent chapters will focus on characterisation of these cells in 2D, in the 3D priming
model, and after liberation and subsequent reseeding from either origin. With this in mind,
an initial comparison between 2D and 3D cells was drawn in this chapter in Figure 3.21 which
shows that when cells are seeded at the same density, cells in 2D proliferate more than cells
in 3D, reaching a fully confluent monolayer at 8 days. Cells in 3D proliferate at a slower rate
but can form a thick layer at the 8-day time point. Repeatedly, cell counts were higher when
liberated from 2D than 3D, and the difference between the two conditions will be explored
further in subsequent chapters. The current data corroborates with the known effect of
stiffer substrates (2D in this case) favouring cell cycle (Martino et al., 2018b), due to

mechanically triggered pathways such as Hippo altering proliferation.
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3.6 Conclusions

This chapter has presented data obtained during the optimisation process of a 3D priming
model, and this information was used to direct and inform the final conditions used. The
initial aim was to create a model through which HepG2 cells could be grown and maintained
in a 3D microenvironment, where their growth will reflect in part the tight packing and
organisation of hepatocytes in the human liver, and where the total population of cells could
be easily liberated to be reseeded into a secondary 3D model. Upon assessment of these
data, that aim was clearly achieved. Through methodically selecting different variables and
testing growth whilst these were altered, a refined and fully optimised model was developed
where 1x10° HepG2 cells could be seeded onto a 6 well Alvetex® Strata insert, grown for 8
days using a specific media volume, and the resultant thick layer could easily be retrieved as
a viable population with a 10-minute incubation in trypsin followed by scraping with a soft

cell scraper.

This shows that it is possible to support easily accessible growth of cells on a non-planar
physical substrate, preserving three-dimensional architecture that resembles the structure
of in vivo liver tissue. Supporting growth of cells in 3D and ensuring that these cells were
accessible was a key aim of this project, as this formed the primary culture step where cells
are primed or preconditioned to adopt an enhanced structural and functional phenotype as
a result of the 3D microenvironment. Now that this has been achieved, and that liberating
the cells was possible whilst preserving viability, these altered characteristics can be

thoroughly investigated in the subsequent chapters.
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Chapter 4 — 3D priming gives rise to
altered structural properties within
HepG2 cells
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4.1 Introduction

The literature review in Chapter 1 highlighted how structure is a significant factor in
determining the functional properties of cells. Stem cell fate for example is determined in
part by the physical interactions of cells with the ECM, through alterations in cell geometry
and transmitting of mechanical factors (Guilak et al., 2009). The concept of structure
determining cell function through mechanotransduction started becoming clearer in the
1980s with Mina Bissell’s studies on the effect of the ECM on cell biology (Mina J. Bissell and
Barcellos-Hoff, 1987). Now it is widely accepted that in addition to chemical signalling,

mechanical forces play a critical role in cell function (Burridge et al., 2019).

It is well documented that 3D culture can be utilised to create more physiologically relevant
in vitro models, and in biologically inert substrates, this is largely due to the structural
changes to the cells exerted through altered substrate topography. Many reviews have been
written with the aim of summarising advantages or differences of 3D cultures over the
traditional 2D counterparts, and whilst there is a constant stream of novel models being
produced, the underlying concept of 3D culture producing more physiologically accurate
models is not necessarily new. As a 2007 Nature review points out, utilising the third
dimension in research helps to bridge the gap between cell culture and live tissue (Pampaloni
et al., 2007), highlighting how aspects such as adhesion, migration and polarisation are more
physiologically aligned when cells are cultured in 3D. In many 3D in vitro models, cells exhibit
more histotypic morphologies (depending on the dimensionality of the tissue in question),
which often correlates with altered and usually enhanced or more in vivo like biological
behaviour, particularly when mimicking tissues with highly specialised cell types such as the

intestine (Altay et al., 2020).

Morphology of cells is important due to both the effects of mechanotransduction from
altered cytoskeletal dynamics, and the importance of being able to form cell-cell and cell-
substrate interactions which are vital factors influencing cell biology. The physical effects of
adding a third dimension to in vitro cell culture alters signal transduction within and between
cells, which influences gene expression and cellular behaviour (Edmondson et al., 2014b),
and this will be explored in later chapters in this thesis that analyse how structural changes
lead to functional differences. The formation of junctional complexes is both dependant on
the morphology of the cells, and the architecture of the total cell populations within the
model. Therefore, to fully characterise the structural properties of a novel in vitro model, this

chapter will assess three areas of interest:
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1. Microscopic morphology and cytoskeletal structure of cells within the model.

2. Structure and growth of the total cell population.

3. Presence of structural biomarkers of interest.

4.1.1 Microscopic morphology and cytoskeletal structure indicates underlying

mechanical changes.

An important area that is often overlooked in characterisation of 3D models is investigating
the micro-structure of cells grown in the model when compared to 2D monolayers of the
same cell type. While studies have indicated that the unnatural structure of cells grown in
2D affects the cellular processes and gene expression (Edmondson et al., 2014b; Tibbitt and
Anseth, 2009b), the characterisation and comparison of individual cell morphology between
2D and 3D is often skipped in favour of more global characterisation during model
development. Part of this is due to the practical difficulties of imaging single cells within 3D
multicellular models (Tasnadi et al., 2020), and while certain software can help aid this
process, it is a limiting factor in increasing our understanding of the mechanistic changes that
cells undergo when cultured in 3D. As outlined in Chapter 1, the pathways through which
mechanical changes can affect the cell are numerous and complex and much work is still

needed to fully uncover the exact links between structure and function (Wang, 2017).

It is therefore arguably important when analysing 3D models to investigate cells on a more
individual level due to the profound effect morphology has on the biology of the cell. The
historical understanding of how morphology is affected by different substrates — for example
the observation that cells grown on softer matrices exhibit differential cytoskeletal
structures as single cells (Tony et al., 2005) — may often prove sufficient for researchers to
circumvent the need for deep investigation into single cell morphology when producing 3D
models. Studies often focus on investigating the holistic effects of altering substrate
topography (Kim et al.,, 2017; Zhu et al., 2019) on function in isolation. However, with
increasingly advanced imaging options available, highly detailed pictures of cells residing in
3D cultures are becoming more common (Lucumi Moreno et al., 2015) which can help
unpick the more detailed changes occurring. It is still rare to examine the specific
mechanisms underlying cellular changes in tandem with testing the functional capabilities of
3D models. This project aims to fulfil both of these aspects by examining the morphological

effects of priming cells to further increase our understanding of mechanotransduction as
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well as globally assessing the suitability of using a priming model to enhance the overall

structure and function of hepatic cultures.

A particular focus of this chapter will revolve around whether 3D primed cells retain
structural changes after liberation and reseeding as single cells when compared to single cells
from 2D. There is limited evidence suggesting that cells retain a mechanical memory of their
prior environment, with epithelial cells for example exhibiting faster migration, higher
actomyosin expression and larger focal adhesions when primed on stiffer substrates
(Nasrollahi et al., 2017). This concept of priming has been utilised to improve functional
properties as well; preconditioning human mesenchymal stem cells (MSCs) on three
dimensional ECM based microgel platforms of different stiffnesses enables tuning of the pro-
angiogenic qualities before in vivo implantation into rats (Thomas et al., 2020). Both studies
also revealed increased YAP/TAZ nuclear localisation after priming in stiffer matrices, which
is particularly significant due to YAP/TAZ having significant roles in mechanotransduction,
affecting migration and proliferation (Dupont et al., 2011). This project takes a similar
approach through priming/preconditioning cells in a 3D matrix before moving into a model
for functional testing, and therefore a key aspect of analysis is focussed on the altered

structure of primed cells, whether individually or as a population.

4.1.2 Structure and growth of the global cell population enables comparison with

in vivo tissues, and assessment of overall model quality.

In characterisation of 3D models, assessing the overall histology of the model is essential, as
this gives an overview of the macroscopic arrangement of cells within the model, and can
immediately be used to draw comparisons to in vivo tissues. This is often performed through
histological stains and through SEM before more detailed analysis is carried out through

probing for specific markers or using TEM to investigate ultrastructural elements.

Simple stains such as Haematoxylin and Eosin are commonly used in liver research to inspect
the overall morphology of models and the health of cells (Eilenberger et al., 2019; Moscato
et al., 2015; Ren et al., 2011). Histological stains can even reveal functional properties, such
as with the Periodic Acid Schiff (PAS) stain, which is commonly used in liver research to
investigate the glycogen storage capacity of hepatic cells (Ramaiahgari et al., 2014a), with
glycogen storage being a key function of hepatocytes. It is commonly seen that 3D models
show more in vivo like morphology (Ramaiahgari et al., 2014a) and therefore it is expected

that this will be the case within the priming and final models in this project. Overall structure
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is an important determinant of the ability for cells within models to form key junctions
(Edmondson et al., 2014b) and indeed, tissue architecture is a key determinant of responses
of in vitro models to toxicity (Leliévre et al., 2017). In this project, histological stains and
global morphometric analysis will also help reveal whether priming has any prolonged effect
on reseeded cells that are cultured over a significant length of time, particularly on their

ability to form subsequent three-dimensional structures.

After priming cells in this project, they could be seeded into a final model, or as single cells
onto coverslips for the aforementioned single cell analysis. 2D cells would undergo the same
process, but without the need for scraping to release the cells from the first stage. Figure 4.1
illustrates this process for 3D cells, and it was decided that the final model was going to use
aggregates as the 3D method of choice. This is primarily because of the popularity of using
aggregate models in liver research, the ability to create homogenous spheroids for high
throughput testing, and the inexpensive nature of aggregate technologies when using non
specialised equipment (Breslin and O’Driscoll, 2013b). Depending on the method used
however, the size can be highly variable, and this can lead to problems with hypoxic cores in
larger aggregates due to restricted nutrient availability (Edmondson et al., 2014b). This is
something that histological stains such as H&E can pick up with initial screening (Elmore et
al., 2016) through detecting cell death, but that can be further probed for using stains such
as propidium iodide that cannot enter viable cells with intact plasma membranes (Crowley
et al., 2016). Different methods of aggregate formation were explored to ensure that the
final model would consist of consistently sized, comparable aggregates that were also similar

in properties between both 2D primed and 3D primed cells when seeded into the models.

2ml: Trypsin / Scrape and Seed into
EDTA/PBS . count aggregates/
10 mins [/ coverslips

¥ 2
@ d X

Figure 4.1: Process for liberation and reseeding of primed cells.

4.1.3 Presence of key structural markers can be indicative of model quality.
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An important facet of structural characterisation is gaining insight into the presence and
localisation of specific structural markers. This can help reveal the maturity of the model
through probing for markers whose expression is linked to specific tissue types for example.
In the liver, the presence of polarity markers and cell to cell contact proteins are often
investigated due to the function of hepatocytes being highly dependent on polarity (Jia et
al., 2020). Bile canaliculi are an essential structural feature of the liver, with the organisation
of a functional three-dimensional intrahepatic biliary system network being crucial for
proper liver function (Si-Tayeb et al., 2010). Tight junctions are essential for bile canaliculi
formation, and mutations in these proteins leads to disorders in liver structure, aberrant bile
canaliculi network formation and disaggregation of epithelial cells (Cheung et al., 2012). Drug
transporters such as multi-drug resistance protein 2 (MRP2) are also critical for detoxification
and chemoprotection by transporting products of phase Il detoxification of xenobiotic
compounds (Jedlitschky et al., 2006). Such structural markers are often seen to have higher
expression or better organisation in 3D cultures over 2D counterparts (Jia et al., 2020;

Ramaiahgari et al., 2014a).

Regarding tight junctions, claudins are a particular protein group of interest as they are found
in tight junctions of all epithelia and endothelia and play a role in modulating the
permeability of tight junctions (Glinzel and Yu, 2013). Certain claudins such as claudin-1,
claudin-2 and claudin-3 are expressed in hepatocytes (with claudin-2 exhibiting an increasing
gradient of expression from periportal to perivenous hepatocytes) (Ginzel and Yu, 2013;
Rahner et al., 2001). RNA expression of Claudin 1 is also particularly elevated in the liver
compared to other tissues (“Tissue expression of CLDN1 - Summary - The Human Protein
Atlas,”). Elevated claudin-1 and claudin-7 protein expression is significantly elevated in
cirrhotic livers (Holczbauer et al., 2014), but the baseline expression is still very high in

normal liver.

The establishment of a biliary lumen is also dependent on integrins and cadherins
(particularly E-cadherin) which act as transducers of mechanical signals from the ECM to
RhoA GEFs and GAPs to induce changes in the cytoskeleton to facilitate bile canaliculi (Cohen
et al., 2007; Gissen and Arias, 2015; Gkretsi et al., 2008). The wider importance of cadherins,
tight junctions and cell structure in terms of defining cell function has also been outlined in
the introduction. The balance between N-cadherin and E-cadherin can also point towards
functional implications with epithelial cells typically expressing E-cadherin and mesenchymal

cells expressing N-cadherin. Some cancerous cell lines derived from epithelia do express N-
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cadherin inappropriately however (Wheelock et al., 2008), and this is a trend seen in
hepatocellular carcinoma cells (HCC) such as HepG2. Loss of N-cadherin function in
hepatocellular carcinoma cells through using a dominant-negative N-cadherin construct
interestingly makes the cells more susceptible to bile acid induced apoptosis indicating that
N-cadherin signalling contributes to HCC progression through its anti-apoptotic effects
(Gwak et al., 2006). The loss of E-cadherin does also promote tumorigenesis through
epithelial-mesenchymal transition (Nakagawa et al., 2014), so for non-cancerous cells, E-
cadherin is a key junctional molecule. N-cadherin is found in healthy liver cells too however,
with zonal expression of cadherins being seen in mouse liver; E-cadherin was expressed in
periportal hepatocytes, and N-cadherin was expressed in perivenous hepatocytes (Hempel

et al., 2015).

This project focusses in part on the concept of mechanotransduction, and therefore it is an
area that is substantially investigated in this and subsequent chapters through both
cytoskeletal analysis and through presence/expression of markers associated with
mechanotransduction. As discussed in the introduction, the Sun proteins (Sun-1 and Sun-2)
are integral components of the inner nuclear membrane (Starr, 2011) and higher expression
of these proteins may be an indicator of increased nuclear stiffness — with depletion of Sun-
1 compromising nuclear stiffness in bone-marrow-derived mesenchymal stem cells (BMSCs)
(Liu et al., 2019). This study also indicated the important role of the F-actin cytoskeleton in
determining the nuclear properties and morphology of the nucleus (Liu et al., 2019). The
importance of B-catenin in Wnt signalling and controlling cell function and fate has also been
highlighted in the introduction, and interestingly, Sun-1 and Sun-2 co-depletion decreases
nuclear B-catenin levels due to interfering with the nucleoskeleton association and nuclear
entry of B-catenin (Bouzid et al.,, 2019). Sun proteins were therefore chosen as key
mechanotransduction marker due to the ease with which they can be visualised compared
to other mechanotransduction related proteins, and they are able to provide insights into

the nuclear structure and how that changes in different culture conditions.

4.2 Hypothesis and aims

We hypothesise that through priming cells on a 3D non-planar substrate will lead to a
mechanical memory whereby the cells exhibit altered structural (and subsequently
functional) characteristics when moved onto a secondary substrate/culture system. We
expect the altered structure to be evident through both cytoskeletal changes, reflecting the

altered actin machinery, and through changes in the global population growth. We also
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hypothesise that key structural markers will be differentially expressed in the priming model
compared to 2D cells, which will play a determining role in the formation of secondary

cultures.

4.3 Objectives

The objectives of this chapter were:

e To comprehensively characterise the structural qualities of HepG2 cells at all stages
(2D culture, 3D priming model, and secondary models),

e Toinvestigate the retained structural changes that cells inherit after being primed in
3D compared to 2D.

e To investigate how the cytoskeleton changes as a result of altered substrate
geometry.

e To visualise structural markers and population growth.
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4.4 Results

3.41 Priming HepG2 cells in 3D alters how they grow as populations.

In probing for retained structural differences from priming cells in 3D compared to 2D, using
simple methods such as neutral red stains on reseeded cells still provided great insight into
the changes taking place within the HepG2 cells. Figure 4.2 shows the results from
performing a neutral red stain on cells that were liberated from either 2D or 3D priming after
8 days of growth, that were reseeded onto coverslips and grown for 7 days. Importantly here,
cells were seeded onto the centre of the coverslip in a concentrated droplet, with media
then being applied afterwards. These results show stark visual differences between 2D cells
and 3D primed cells, with the 3D primed cells clearly forming much denser colonies that are
more localised to a specific region on the coverslip. The 2D cells however form a more typical
2D monolayer on the coverslip, spreading to cover the complete surface (albeit with the
occasional sparser area of growth). This change in population growth was somewhat
unexpected in terms of how pronounced it was after 7 days. It was expected that changes
would be evident earlier during growth, but it was initially thought that after 7 days this
effect might equalise. This demonstrates the powerful effects on structure that 3D priming
has; through providing the cells with a 3D microenvironment in the priming model, the cells
have retained a more three-dimensional phenotype when growing on the coverslips,

creating multi-layered colonies rather than a monolayer.

To provide further evidence to this effect, this reseeding experiment was performed with
cells grown on coverslips for 4 days with a fully dispersed re-seeding of the cells being
specifically focussed on, compared to the concentrated seeding in the prior experiment. The
results (Figure 4.3) still show differences between the cells from 2D compared to 3D, but
they are less pronounced here. Macroscopically, the differences are more evident at the
edges of the coverslips, with the 2D primed cells forming confluent populations compared
to the more punctate colonies from 3D primed HepG2 cells. Structural changes are more
obvious in the microscopic images, with the 3D primed cells forming smaller more individual
colonies compared to the 2D cells creating more interconnected populations. The milder
differences are likely due to the lower confluency of the cells due to the shorter experiment
time, and the dispersed seeding resulting in smaller colonies from 3D priming that are not as

visually obvious.
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From 2D From 3D

Figure 4.2: 3D primed cells behave differently as a population compared to 2D primed cells

when reseeded on coverslips.

Neutral red images taken both macroscopically (top panels) and microscopically (bottom
panels) of HepG2 cells grown for 7 days on coverslips at a density of 1 x 10° cells per coverslip.

Cells were placed on coverslips after liberation from 2D and 3D. Scale = 200 um
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After seeing such differences when reseeding cells back onto 2D coverslips, the same
experiment as Figure 4.2 was repeated but with the cells being reseeded onto Alvetex®
Scaffold and grown for 7 days instead of coverslips. Similar to the first experiment, the HepG2
cells reseeded onto Scaffold still exhibited significant differences in how they grew as
populations (Figure 4.4), with the 3D primed cells clearly forming more distinctive, aggregate
like colonies within the scaffold, whereas the 2D grown cells spread out and formed a more
confluent layer within the scaffold. This is evident both macroscopically and microscopically
through the neutral red stains, and further H&E imaging revealed the same pattern from
cross sections (Figure 4.5), with multi-layered colonies observable in the 3D primed cells, but

a much more consistent thin layer present in 2D grown cells.

Figure 4.3: Dispersed re-seeding of cells into 2D maintains changes in 3D primed HepG2

cells.

Neutral red images taken both macroscopically (left panels) and microscopically (right
panels) of HepG2 cells grown for 4 days on coverslips at a density of 1 x 10° cells per coverslip
with the cells being seeded in drops around the well. Cells were seeded after liberation from

2D and 3D. Scale = 200 um
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From 2D From 3D

Figure 4.4: When reseeded onto Alvetex® Scaffold, 3D primed cells grow differently to 2D

grown cells.

Neutral red stained images of HepG2 cells on Alvetex® Scaffold created from cells liberated
from 2D flasks or Alvetex® Strata. Cells seeded at 1 x 10° cells per insert and imaged at after

7 days growth. Scale = 400 um
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Figure 4.5: H&E stain of reseeded HepG2 cells on Alvetex® Scaffold reveals more ‘colony’

like appearance of 3D primed cells.

H&E stained images of HepG2 cells on Alvetex® Scaffold created from cells liberated from 2D
flasks or Alvetex® Strata. Cells seeded at 1 x 10° cells per insert and imaged at after 7 days

growth. Images at 4x, 20x and 40x magnification. Scale = 400 um, 200 um and 100 um

4.42 3D primed HepG2 cells retain cytoskeletal changes after reseeding.

It was hypothesised that the differences seen in population growth were due to multiple
factors imbuing the cells with a mechanical memory of the 3D priming model, including
reorganisation of the cytoskeleton, altered transcription and gene expression, and altered
presence of important structural proteins. Cytoskeletal reorganisation is a particularly strong
driver of mechanotransduction (Harris et al., 2018; Ohashi et al., 2017) and therefore a
significant level of investigation was needed into the cell shape and cytoskeletal changes
retained in the cells after priming. The optimum way to do this was through single cell
analysis after reseeding. A preliminary experiment was thus performed using phase contrast
microscopy to compare the surface areas of cells after 1 hour or 3 hours of reseeding (Figure
4.6). With the phase contrast microscopy, the cells appear to have more significant visual
differences 3 hours after reseeding, likely due to the cells having had more time to attach to
the new substrate. Certain cells reseeded from 2D exhibited notable projections of the cell
body, with the appearance of cell spreading, whereas 3D primed cells generally appeared
more spherical and less ‘spread out’. Quantification of the cell areas and circularity further
proves this assessment, with cells from 2D showing significantly larger areas than their 3D
primed counterparts at both time points, but with the difference being more pronounced
after 3 hours. After 3 hours, cells from 2D averaged an area of nearly 300 um whereas 3D

primed cells were closer to 100 um in area. Circularity of the cells was also significantly
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Figure 4.6: Preliminary phase contrast images of reseeded cells suggested that

morphological changes were retained in HepG2 cells primed in 3D.

Phase contrast images of HepG2 cells grown on coverslips after being liberated from 2D flasks

or Alvetex® Strata (3D). Cells seeded at 5 x 10° cells per well and grown for 1 or 3 hours before

fixing with 4 % PFA. Scale: 100 um. Quantification performed using Imagel after tracing 30

separate cells in each condition. N= 3 n= 3, error bars = SEM
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Figure 4.7: 2D grown cells appear to start spreading out earlier than 3D primed cells.

Fluorescent images of phalloidin stained HepG2 cells grown on coverslips after being
liberated from 2D or Alvetex® Strata (3D). Cells seeded at 5 x 10* cells per well and grown for
1 or 3 hours before fixing with 4 % PFA. Scale: 5 um. 15 cells were counted in each condition.

Area quantification carried out using Zen Blue. N= 3 n= 3, Error bars = SEM
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Figure 4.8: 3D primed cells appear taller and more spherical than 2D grown cells one hour

after seeding.

Fluorescent Z-stack images of phalloidin stained HepG2 cells grown on coverslips after being
liberated from 2D or Alvetex® Strata (3D). Cells seeded at 5 x 10* cells per well and grown for
1 or 3 hours before fixing with 4 % PFA. Scale: 5 um.
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decreased in 2D cells 3 hours after reseeding, due to the aforementioned projections

creating much more irregular cell shapes in 2D grown HepG2 cells.

Based on the promising data from this preliminary experiment, the conditions were repeated
but a phalloidin stain was used to fluorescently visualise filamentous actin in high detail
(Figures 4.7, 4.8, 4.9), providing a greater insight into what structural changes were
occurring. Figure 4.7 provides representative images of the top-down views taken on a
confocal microscope, with the quantification of cell surface area based on the phalloidin
stains. In these highly detailed images, the difference between 2D and 3D primed cells is very
clear in the images taken of cells fixed 3 hours after reseeding onto the coverslips. The cells
from 2D are much more spread out, with noticeable extensions of the cytoplasm and
cytoskeleton indicating an attached migratory cell phenotype. The 3D primed cells however
have a large number of small protrusions present, but in general are smaller, more spherical
and do not have the large cytoskeletal processes extending the cell body. This is reflected in
the area quantification which shows a very similar pattern to the phase contrast images,
albeit without a statistically significant trend. The lack of significance can be explained by the
lower number of measured cells here due to the high magnification images taking a lot longer
to process, and the detailed nature of these images means that the stress fibres increase the
measured surface areas of the 3D primed cells, decreasing the difference in area previously

seen.

Interestingly, despite the slightly reduced magnitude of surface area difference, measuring
the heights of the cells revealed a distinctive contrast between 3D primed and 2D cells.
Figure 4.8 highlights a very noticeable change in the side profile of the cells at the 1-hour
timepoint, with the 3D primed cells being significantly taller than their 2D counterparts as
shown in the quantification in Figure 4.9. This difference disappears after 3 hours, with the
cells seemingly equilibrating to the surface of the coverslips. From this data, it is evident that
the cytoskeleton is altered in single cells during 3D priming and that the cells possess a
mechanical memory through which structural changes are retained when reseeding onto a

secondary substrate.

The changes seen so far have been relatively short term, with cells fixed up to 3 hours after
reseeding. To see if these structural differences were retained over a longer period, cells
were fixed after 1 day (24 hours) of reseeding onto coverslips and the areas measured from
phalloidin images (Figure 4.10). A greater number of cells were able to be analysed here due

to using a lower magnification, and a collection of representative images are shown. As
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Figure 4.9: 3D primed cells are significantly taller than 2D grown cells 1 hour after seeding,

though they equalise after 3 hours.

Bar chart showing the quantification of cell height carried out using Zen Blue software by

measuring the total thickness of Z-stacks. 15 cells were measured N= 3 n= 3. Error bars = SEM.
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expected, while there is heterogeneity within the populations, there is a general and clear
trend of 2D cells exhibiting a more spread-out phenotype. This is reflected in the significantly

smaller quantified areas of the 3D primed cells.

To further explore the altered actin machinery, different compounds that interfered with the
polymerisation or nucleation activity of actin were applied to the cells at the point of
reseeding to ascertain how this may alter the structural phenotype. The three compounds

used were picked based on previous work in the lab and are as follows:

CK-666 — inhibits Arp2/3 activity (nucleation inhibitor),

SMIFH2 —inhibits FH2 activity (nucleation inhibitor),

Y-27632 — inhibits ROCK1, inhibiting the activation of myosin-II, destabilising actin filaments

(polymerisation inhibitor).

Based on previous results in the lab, it was expected that inhibiting actin nucleation in 2D
cells would have a stronger effect on morphology and would bring them closer to a 3D
primed phenotype (resulting in smaller, more spherical cells). It was expected that all actin
interfering agents would have an effect on the morphology in some way, with the rationale
being that if impairing actin nucleation or polymerisation brings the morphologies of 2D cells
closer to that of the 3D primed cells, then it may highlight which specific components of the
actin machinery are altered in 3D primed cells. Figure 4.11 shows representative images of
coverslips with each agent applied, and a control coverslip with a DMSO vehicle also
included. From these images, it is hard to draw concrete conclusions other than the general
trend followed of control 2D cells exhibiting more spreading out than the 3D cells. It is
noticeable that the cells incubated with SMIFH2 appeared slightly larger from both 2D and
3D compared to the control, but only when looking at the quantification in Figure 4.12 could
this be confirmed. This quantification displays significance levels just calculated between 2D
and 3D comparisons within each treatment condition through a T-test, but one-way ANOVA
was also performed with Dunnett’s post-test (Table 4.1) comparing each condition to the 3D

primed control as that was the phenotype we wanted to see if the agents could reproduce.
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Figure 4.10: After 1 day of growth from reseeding onto coverslips, 2D grown cells spread

out significantly more than 3D primed cells.

Fluorescence of phalloidin stained HepG2 cells grown on coverslips after being liberated from
2D or Alvetex® Strata (3D). Cells seeded at 5 x 10* cells per well and grown for 1 day. Scale:
20 um. Bar chart showing quantification of cell areas from image J. Quantification performed

on over 40 cells in each condition. N= 3 n= 3. Error bars = SEM.
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Nucleus areas and circularities were also quantified to see how/if these related to the overall
cell areas and circularities as the cytoskeleton and nucleus are interacting structural aspects
of the cell. The quantification highlights some interesting trends, with a very similar surface
area pattern of 2D vs 3D primed cells in the control condition as seen before. Out of the 3
actin interfering agents, CK-666 and Y-27632 both seem to bring the 2D cells closer to a 3D
phenotype in terms of equalising the surface areas, however CK-666 treated 2D cells are still
significantly less circular than the 3D primed cells treated with CK-666 (Figure 4.12), though
the circularities are not significantly different to the 3D control. This suggests that other actin
altering mechanisms are preventing complete morphological changes in 2D cells compared
to 3D cells even when Arp2/3 activity is inhibited with CK-666. Y-27632 also alters the
structure of 2D cells to appear similar to a 3D primed phenotype, with the cell areas and
circularity being comparable to the 3D control. Unexpectedly, with Y-27632 treatment, the
nuclear areas are significantly decreased compared to the control, despite there being no
significant change in cell area, suggesting that Y-27632 may alter the interactions between

the cytoskeleton and nucleus.

SMIFH2 has the most profound effect on the cells from both 2D and 3D when compared to
the control, with the cell and nucleus areas being significantly larger than the 3D primed
control cells as well as the cell circularity (but not nuclear) being significantly decreased
(Table 4.1). The effect of SMIFH2 is in the opposite direction than expected, by bringing the
cells further away from the comparative control condition. Interestingly, this was also
contrasting to previous data in the lab gathered on stem cells that suggested SMIFH2 could
bring 2D cells to a 3D primed phenotype. This data indicates that through altering the actin
machinery in 2D cells, a more 3D-like phenotype can be achieved, but it is not possible to
completely recapitulate the 3D phenotype with these agents being used in isolation.
Therefore, it is likely that multiple elements of the actin machinery are considerably altered
in 2D cells, including ROCK1 and Arp2/3 activity. In Chapter 5, this will be explored further

through examining gene expression data from RNA sequencing.
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Figure 4.11: Interfering with actin dynamics in 2D cells is able to bring them closer to a 3D

morphology.

Fluorescence of phalloidin and Hoechst 33342 stained HepG2 cells grown on coverslips after
being liberated from 2D or Alvetex® Strata (3D). Cells seeded at 5 x 10* cells per well and
grown for 1 day in either control medium or medium containing one of the following actin

inhibitors: CK666, SMIFH2 and Y-27632. Scale: 20 um
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Figure 4.12: Quantification of the cell area and circularity after actin interference highlights

how CK666 particularly brings the 2D cells to a 3D phenotype.

Quantification of areas and circularity of both the cells and nuclei performed using image J

with significance calculated through an unpaired T-test between 2D and 3D within each

condition. Over 50 individual cells measured in each condition. N= 3, n= 3. Error Bars = SEM.
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Table 4.1: One way ANOVA, Dunnett’s multiple comparison test on actin

interference data.

Cell area

Dunnett's Multiple Comparison Test Mean Diff. Significant? P < 0.05? Summary
3D Control vs 2D Control -80.39 Yes oA

3D Control vs 2D CK666 -35.18 No ns

3D Control vs 3D CK666 -8.721 No ns

3D Control vs 2D SMIFH2 -164.2 Yes oAk

3D Control vs 3D SMIFH2 -150.9 Yes *Ax

3D Control vs 2D Y-27632 -4.499 No ns

3D Control vs 3D Y-27632 -16.65 No ns

Cell circularity

Dunnett's Multiple Comparison Test Mean Diff. Significant? P < 0.057? Summary
3D Control vs 2D Control 0.03677 Yes *

3D Control vs 2D CK666 0.04000 No Ns

3D Control vs 3D CK666 -0.01830 No Ns

3D Control vs 2D SMIFH2 0.08550 Yes Ak

3D Control vs 3D SMIFH2 0.07648 Yes kX

3D Control vs 2D Y-27632 0.03688 No ns

3D Control vs 3D Y-27632 0.003858 No ns
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Nucleus area

Dunnett's Multiple Comparison Test Mean Diff. Significant? P < 0.05? Summary
2D Control vs 3D Control 11.64 No ns

2D Control vs 2D CK666 -4.354 No ns

2D Control vs 3D CK666 -0.8861 No ns

2D Control vs 2D SMIFH2 -38.55 Yes oxk

2D Control vs 3D SMIFH2 -38.25 Yes oAk

2D Control vs 2D Y-27632 34.02 Yes ok

2D Control vs 3D Y-27632 27.72 Yes ok
Nucleus Circularity

Dunnett's Multiple Comparison Test Mean Diff. Significant? P < 0.05? Summary

2D Control vs 3D Control

2D Control vs 2D CK666

2D Control vs 3D CK666

2D Control vs 2D SMIFH2

2D Control vs 3D SMIFH2

2D Control vs 2D Y-27632

2D Control vs 3D Y-27632

0.001217 No
-0.002033 No
-0.005757 No
0.005822 No
-0.01232 No

0.0005730 No

-0.005349 No

ns

ns

ns

ns

ns

ns

ns
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To get a highly detailed picture of how the structure of cells changes from priming, scanning
electron micrograph images were taken of HepG2 cells 1 day after reseeding from either 2D
or 3D priming. The results of the single cell images (Figure 4.13) showed an astounding
difference between 2D and 3D primed cells, with the 3D primed cells appearing much more
spherical and less spread out than their 2D counterparts, and the presence of
microvilli/extrusions from the cell body appeared to be increased in 3D primed cells too. It is
important to note that there was variation, with some more spread-out 3D primed cells, and
some more spherical 2D cells, but the images shown are representative of the trends
observed, with a very clear general trend towards the morphological patterns previously
seen. SEM images were also taken of cells reseeded at a higher confluency (Figure 4.14) to
visualise how interactions between 3D primed cells might differ on a coverslip. Again, there
are distinctive differences here, with the 3D primed cells forming taller, more multi-layered
populations, compared to the typical monolayer appearance of the 2D grown cells. This data
clearly reinforces what has been previously observed and indicates that there are significant
structural changes taking place in primed 3D cells that are retained in subsequent secondary
cultures, with short- and long-term secondary culture highlighting cytoskeletal and

population-based changes respectively.

4.43 Optimisation of a secondary 3D culture model revealed further retained

structural differences from 3D priming.

The central concept behind this project was to prime cells in a 3D microenvironment (in this
case on Alvetex® Strata) before liberating and moving them into a secondary 3D culture. That
secondary culture step in this case was creating cellular aggregates/spheroids. There are
multiple ways to aggregate cells, but to keep in line with the ideals of creating a simple, cost
effective culture method, simple aggregation methods were employed. The first attempt
used low adherence Petri dishes which prevents cells from adhering to the base of the dish,
encouraging spontaneous aggregation. Figure 4.15 displays the growth of these aggregates
over 7 days from either liberated 3D primed cells or 2D cells, and interestingly, similar to the
neutral red stains in Figure 4.2, the cell populations here grow in different ways depending
on the culture origin. 3D primed cell aggregates seem to clump together to form larger

‘multi-aggregates’ whereas the 2D cells form smaller more individual aggregate clusters.
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Figure 4.13: SEM images reveal distinct morphological changes in 3D primed cells after 1

day of growth from reseeding onto coverslips.

Scanning electron microscope images of HepG2 cells seeded at 1 x 10° cells per silicon

coverslip after liberation from 2D or Alvetex® Strata (3D) and grown for 1 day.
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Figure 4.14: SEM images reveal that 3D primed cells grow in a more 3D orientation after

reseeding.

Scanning electron microscope images of HepG2 cells seeded at 5 x 10* cells per silicon

coverslip after liberation from 2D or Alvetex® Strata (3D) and grown for 1 day.
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This difference between 3D primed and 2D cells was reproducible as shown in figure 4.16
where the experiment was repeated (this time with excessive homogenisation) with the
same phenomenon seen. Images of the cell suspension are provided here too on the far left,
to indicate that the cells were properly lysed and homogenised before reseeding. Phalloidin
stains were performed on whole mount aggregates (Figure 4.17) to visualise the overall
structure, and these images revealed a unique insight into the structural differences, with
the larger 3D primed aggregates appearing to be formed from multiple smaller aggregates
clumping together. The phalloidin staining appears more intense at the edges of these
smaller aggregates due to the cells wrapping round at those locations making for denser cell

populations at the periphery of the aggregates when imaging them.

H&E images were also taken of aggregate sections (Figure 4.18), and what becomes clear
here is that in the larger low adherence aggregates, there is significant cell death occurring
with large voids in the centres of the aggregates, with the cells present displaying nuclear
shrinkage and hypereosinophilic cytoplasms. To confirm this, aggregates were incubated
with propidium iodide (PI) before fixing. Pl provides a simple test for cell death, as in-tact
membranes exclude the stain, but compromised membranes of dying/dead cells do not,
meaning that dead cells stain positive. Figure 4.19 displays images of Hoechst 33342 and
propidium iodide-stained aggregates as well as an example with a co-stain of phalloidin. In
the aggregates just stained with Hoechst 33342 and PI, there is a large region in the centres
of low adherence aggregates both from 2D and 3D primed cells of Pl positive staining,
indicating a necrotic core. The Hoescht staining was often unable to penetrate the centres
of the fixed aggregates, but the in the combined stains with phalloidin it is made very clear
that the dead cells do lie within the centre of the three-dimensional aggregate structure. An
additional observation from the phalloidin stains is that the aggregates from 2D cells appear
less dense than the 3D primed aggregates, which seem to have tighter packing of the HepG2
cells within the structure. This could be a structural artefact from the priming stage, with the
cells retaining a more individually three-dimensional structure (as seen in the single cell
analyses) within the 3D structure of the aggregate. This denser appearance is also seen in
the phase contrast images of the aggregates, with the 3D primed aggregates appearing
significantly darker than the 2D counterparts, suggesting increased cell numbers and tighter

packing after 3D priming.
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Figure 4.15: After 7 days of growth as low adherence aggregates, 3D primed cells form

denser and larger aggregates compared to cells grown in 2D.

Phase contrast images of aggregates created from cells liberated from 2D flasks or Alvetex®
Strata. Cells seeded at 1 x 10° cells per Petri dish. The 3D cells rapidly formed large, dense

aggregates whereas the 2D cells more slowly formed smaller more numerous aggregates.

Scale: 100 um.
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Figure 4.16: Excessive homogenisation of the cells upon liberation still resulted in larger 3D

primed aggregates.

Phase contrast images of aggregates created from cells liberated from 2D flasks or Alvetex®

Strata. Cells seeded at 1x10° cells per petri Scale: 100 um.
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Figure 4.17: 3D primed aggregates tend to conglomerate to form larger masses.

Fluorescence images of cells stained with the F-actin cytoskeletal stain Phalloidin (green) and
with Hoechst 33342 to highlight the cell nuclei (blue). Cells grown for 10 days as aggregates
after liberation from either 2D or 3D, and seeded at 1 x 10° cells per Petri dish. Scale = 100

um
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Figure 4.18: Aggregates from both 2D growth and 3D priming are highly heterogenous in

£

shape and size.

H&E-stained images of aggregates created from cells liberated from 2D flasks or Alvetex®
Strata. Cells seeded at 1 x 10° cells per petri dish and imaged at after 10 days growth. Scale
=100 um and 400 um
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Figure 4.19: Due to the large aggregate size, significant cell death is occurring in the central

regions.

Fluorescence images of cells incubated with propidium iodide, an indicator of cell death (red)
and stained with Hoechst 33342 to highlight the cell nuclei (blue), with added F-actin stain
phalloidin (green) in bottom panels. Cells grown for 10 days as aggregates after liberation

from either 2D or 3D, and seeded at 1 x 10° cells per Petri dish. Scale = 100 um
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Figure 4.20: Hanging drop spheroids formed using Petri dish lids may allow for more

controlled aggregate size due to constraints of the droplet.

Cells were seeded in 20 uL droplets of media onto the inside surface of the lids of petri dishes
which were then inverted and placed onto the dish which contains 5 mL of PBS to maintain

humidity. Fresh media was added to the hanging drops after 4 days of culture.

The propidium iodide staining of low adherence aggregates revealed high levels of cell death
in the centres of the aggregates regardless of their origin, indicating that this was a
suboptimal technique to use as a simple liver model, and would be more suited to purely
cancer models where hypoxia and nutrient starvation help mimic the heterogeneity of in vivo
tumours (Zanoni et al., 2016). For the purposes of this model however, a more consistent
size of spheroid was desired that was small enough to avoid a significant necrotic core as
seen prior. Therefore, the use of a simple hanging drop methodology (Figure 4.20) adapted
from Shah et al., 2018 was utilised. This involved seeding the desired number of cells
suspended in 20 pL droplets onto the inside surface of a Petri dish lid which was then placed

back onto a dish humidified with PBS.
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Figure 4.21: Initial experiments indicate that hanging drops seem to compact over time and

that there may still be some macrostructural differences in 3D primed spheroids.

Light microscopy images of hanging drop aggregates created from cells liberated from 2D
flasks or Alvetex® Strata. Cells seeded at 2.5 x 10° cells per drop and imaged at 2 and 4 days

growth. Scale: 500 um and 100 um (bottom right panels).
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The drops then allowed spheroids to naturally form under the influence of gravity. An initial
experiment using a large seeding density of 2.5 x 10* was run to observe how the cells
aggregated over time. It was clear from the light microscopy images of these aggregates
(Figure 4.21) that the seeding density was excessively high as the aggregates often filled up
a large area of the droplet. At the 4-day time point there were already noticeable differences
in the way the 3D primed aggregates were forming compared to the 2D aggregates, with 3D
primed cells forming larger inter-connected webs of small aggregates, compared to the 2D
cells forming just one large, aggregate at the bottom of the droplet. The cells appeared to
aggregate and compact over the culture time suggesting that gravity was influencing the

formation of aggregate structures.

Moving on from this pilot study, it appeared that droplets were able to support the growth
of aggregates, but the seeding density needed optimisation. Therefore, an experiment was
run using three different seeding densities: 1 x 102, 1 x 10% and 1 x 10* (Figure 4.22), with
images taken over a period of 10 days to gauge when mature spheroids could be achieved.
From these images, it was evident that the lowest seeding density (1 x 10%) was able to
produce spheroids, however they were too small to be practical for imaging applications.
The largest seeding density revealed significant differences between 2D and 3D primed cells
in how the aggregates formed over time, with the 2D grown HepG2 cells forming a wide
‘lawn’ of cells at the bottom of the droplet in the earlier time points, which gradually folded
in on itself and compacted to form a more spheroid-like structure at 10 days of culture. The
3D primed cells, like before, formed smaller aggregates that gradually clumped together to
form a larger ‘multi-aggregate’ composed of smaller ones. The macro-structure of the
aggregates in this higher seeding density resembles the origin of where the cells came from,
with the 2D cells starting with an almost monolayer-like appearance, whereas the 3D cells
clumped together more and formed three dimensional structures. Finally, the middle
seeding density (1 x 10%) was able to produce mature, consistent spheroids by the 7-day

timepoint consistently.

181



Seeding density 1x10? l

1 day ” 4 days || 7 days | | 10 days ‘

From 3D

Seeding density 1x10* |

1 day “ 4 days | I 7 days “ 10 days I

Figure 4.22: A seeding density of 1x10% and 7 days of growth is optimal for spheroid

formation.

Light microscopy images of hanging drop aggregates created from cells liberated from 2D
flasks or Alvetex® Strata. Cells seeded at either 1 x 10, 1 x 10° or 1 x 10* cells per drop and
imaged at 1, 4, 7 and 10 days of growth. Scale = 500 um.
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Figure 4.23: Quantification of spheroid formation.
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Quantification through Imagel of the area, circularity and density of spheroids formed from

HepG2 cells suspended in hanging drops over multiple time-points. All quantification

performed in image J (see methods). Cells seeded at either 1 x 10%, 1 x 10° or 1 x 10* cells per

drop. N=3 n=20
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Quantification of the structural qualities of these aggregates (Figure 4.23) revealed that
interestingly, only the aggregates from 2D cells in the highest seeding density compacted
over time. The 3D primed aggregates in the higher density compacted at first, but area
measurements increased in the later stages, possibly because of the more complex shape of
these aggregates compared to the aggregates from 2D. In the other two seeding densities,
the aggregates grew slightly bigger as the culture time increased. Circularity measurements
were not reliable in the 3D primed aggregates in the higher seeding density due to the
complex nature of these shapes. In the lower two seeding densities, the areas of the 3D
primed aggregates were slightly larger than the aggregates grown from 2D. An increase in
circularity is seen in the two lower seeding densities, showing that as time increased, mature
spheroids were created, with the circularity measurements stabilising at 7 days. In the
seeding density of 1x10° cells, the 3D primed aggregates clearly have a lower circularity than
the 2D aggregates initially, though this equalises more as culture time increases. Density of
the spheroids was measured through the average grey value in Imagel, and lower values
indicate darker images suggesting a denser aggregate. In all cases, density of the hanging
drops increased as time passed, with 3D primed aggregates only presenting as marginally

denser than 2D aggregates.

Propidium iodide and phalloidin stained spheroids were also imaged in the seeding densities
of 1 x 103 and 1 x 10%, with the spheroids of a density of 1 x 10% being too difficult to retain
through the processing. Figure 4.24 shows these images, and there is little difference in the
cell death between aggregates formed from 2D or 3D primed cells, however there is a clear
increase in dead cells in the centre of the aggregates of 1 x 10* cells compared to aggregates
formed from 1 x 103 cells. The lower density of the two shows evidence of a small amount of
cell death occurring in the centre, with red propidium iodide staining being present, but this
is much less than experiment with the low adherence aggregates and the higher seeding
density condition in this experiment. In the lower density, the aggregates have formed very
clear spheroids with a defined edge, and therefore a density of 1x102 cells per drop was
chosen, and aggregates would be grown for 7 days. Figure 4.25 shows a repeat experiment
using the final chosen seeding density and demonstrates that a consistent spheroid size

could be achieved using these conditions and the hanging drop technique.
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Figure 4.24 Cell death is reduced significantly by using lower seeding densities in spheroids.

Fluorescent images of hanging drop spheroids formed from 2D and 3D primed cells, stained

with phalloidin (green), Hoechst 33342 (blue) and propidium iodide (red). Scale = 100 um
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The quantifiable qualities of the optimised hanging drops (spheroid area, circularity, and
density) at 7 days were compared to those qualities in the low adherence aggregates in
Figure 4.26. This clearly demonstrates how the hanging drops were much more comparable
in terms of their origin (2D or 3D) than the low adherence aggregates, as both density and
area were significantly different in 3D primed low adherence aggregates, but no significant
difference is seen in the hanging drop quality. Consistency in the secondary models
regardless of their origin is desirable, as any differences in function can be more finely
attributed to the changes in cellular function. Inconsistently sized/shaped aggregates and
may result in restricted nutrient/drug access which would result in altered function, but that
would be hard to deconvolute from the effects of the priming on the cells themselves and
the altered biological properties within single cells. This data therefore indicates that hanging
drops are an ideal technique for forming a secondary model, by being cheap, simple to use,
and possessing high throughput potential after 3D priming (one priming model could easily
seed over 100 hanging drops). The low adherence aggregates, while ruled out, did reveal
some unique insights into how priming was able to alter how aggregates formed when cells

were left to spontaneously assemble.
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Figure 4.25: Optimised hanging drops were able to form tight spheroids after 7 days in

%N
* &

culture.

Light microscopy images of hanging drop aggregates created from cells liberated from 2D
flasks or Alvetex® Strata. Cells seeded at 1 x 10° cells per drop and imaged at 1, 4, 7, and 10

day’s growth. Scale = 200 um
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Figure 4.26 Aggregates formed as hanging drops have more consistent characteristics than

aggregates formed in low adhesion plates.

Top left: Quantification of aggregate area (um) performed on Imagel. Top right:
Quantification of aggregate circularity (AU) performed on Imagel. There are no significant
differences in circularity. Bottom: Quantification of density (bins) performed on Imagel.
Density represents grey values and lower numbers indicate denser aggregates. Density is
incomparable between phase contrast and light microscopy, however there is no longer a
significant difference between 2D and 3D primed cells in the hanging drop cultures compared

to the low adherence Petri dish. N= 3, n=5. Error bars = SEM.
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With a secondary model now optimised, the next step was to begin more in-depth
characterisation of the HepG2 cells, both during the priming stage and after priming to see
how certain structural markers were differentially expressed. Firstly, the priming model was
probed with anti-Ki67, a proliferative marker to test for whether cells were still proliferating
on the end-stage model, or whether they were all terminally differentiated. As Figure 4.27
shows, proliferation was occurring in mainly localised areas, specifically towards the top
layers of the model. As seen in Chapter 3, when the models were left for longer, cells started
dying in the upper layers, and this fits with where the proliferation is seen — the cells are

proliferating upwards.

4.44 Structural markers are differentially localised in 3D primed HepG2 cells.

Imaging following on from the Ki67 stain was primarily conducted using three conditions for
comparison; 2D cells, 3D primed cells reseeded onto 2D coverslips, and the 3D priming
model. Aggregates proved more difficult to image due to the inability of confocal
microscopes to adequately capture a full image of the aggregate, with the middle regions
often preventing full penetration of light. It was surmised from previous data in this chapter
that the retained effects of 3D priming would still be evident in cells reseeded on a 2D
substrate. The first structural probe was for N-cadherin (Figure 4.28), which is a cell-cell
junctional protein, similar in function to E-cadherin, but closely associated with
mesenchymal cell populations as opposed to E-cadherin being present in epithelial tissues.
As can be seen in this figure, N-cadherin is clearly present at the junctions between HepG2
cells in 2D, 3D and in reseeded 3D primed cells on 2D. The presence of n-cadherin is highly
organised in the 2D cells, but there is a slight increase in staining intensity in the 3D primed
cells on 2D (middle column) and in this condition, the more island-like structures that arise
from 3D priming is also evident. N-cadherin was also present between cells in the 3D priming
model, with intense staining, though a slightly more heterogenous appearance, with staining
being stronger in certain areas, compared to fairly consistent expression in 2D. This could be
an artefact of processing or uneven staining, but it does indicate that the mesenchymal
marker is present in all conditions, showing that HepG2 cells are still retaining their

cancerous phenotype to an extent.
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Figure 4.27: Ki67 stains reveal that proliferating cells reside mainly at the top of the cell

sheet on the priming model.

Immunofluorescence images from the 880 microscope of cells probed for Ki67 (green) and
stained with DAPI (blue). Cells grown for 10 days on Strata using the contact seeding method

at a density of 1 x 10° cells per insert. Scale bar = 100 um
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2D from 3D

Figure 4.28: N-cadherin appears to form more consistently on 2D substrates.

N-cadherin probed (red) and Hoechst 33342 stained (blue) immunofluorescence images of
HepG2 cells grown for 7 days on coverslips after liberation from 2D or 3D priming, or on
Alvetex® Strata for 8 days. Cells seeded at a density of 2.5 x 10° cells per coverslip and 1 x 10°

cells per membrane of Alvetex®. Scale bar = 50 um and 20 um respectively.

E-cadherin was of interest because this would indicate an epithelial phenotype within the
cells, and the presence of this could indicate how similar the model was to in vivo
hepatocytes, where E-cadherin is known to be expressed. It was expected that this stain
would be co-present with N-cadherin due to the previously mentioned presence of both
markers in the liver and based on the literature on HepG2 cells. Indeed, E-cadherin
expression was observable (Figure 4.29), but at a significantly weaker level than N-cadherin.
Expression was very heterogenous, with E-cadherin only being present in very specific areas,
and there was also a significant level of background, especially in the 2D cultures.
Interestingly, the 3D primed cells on 2D seemed to exhibit more intense E-cadherin staining
than the 2D cells. The 3D priming cultures expressed stronger E-cadherin staining than the
2D cultures, though it was even more localised in this condition. This could be indicative of
some form of metabolic zonation occurring, and perhaps could be linked to alterations in the

oxygen concentration across the Alvetex® Strata.
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2D from 3D

Figure 4.29: E-cadherin weakly stains in HepG2 cells, but appears to be more intense but

less ubiquitous in cells grown on a 3D substrate.

E-cadherin probed (green) and Hoechst 33342 stained (blue) immunofluorescence images of
HepG2 cells grown for 7 days on coverslips after liberation from 2D or 3D priming, or on
Alvetex® Strata for 8 days. Cells seeded at a density of 2.5 x 10° cells per coverslip and 1 x 10°

cells per membrane of Alvetex®. Scale bar = 50 um and 20 um respectively.
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Figure 4.30: Claudin 1 staining is more intense in cells growing on Alvetex® Strata.

Claudin 1 probed (green) and Hoechst 33342 stained (blue) immunofluorescence images of
HepG2 cells grown for 7 days on coverslips after liberation from 2D or 3D priming, or on
Alvetex® Strata for 8 days. Arrows indicate intense staining ‘pools’ that could indicate bile
canaliculi. Cells seeded at a density of 2.5 x 10° cells per coverslip and 1 x 10° cells per

membrane of Alvetex®. Scale bar = 50 um and 20 um respectively.

Claudin 1 is a tight junction protein that is known to be strongly expressed in the liver, and
expression in the HepG2 cells was also considerably high, with very clear localisation to the
cell edges. With claudin 1 staining in Figure 4.30 there is no noticeable difference in
expression between the two 2D conditions, however, the 3D primed cells on 2D do again
exhibit the more three dimensional colony appearance. There is a very clear increase in
Claudin 1 staining intensity in the 3D priming model, with the staining lining the edges of all
imaged cells, and also unique spots of intense staining seen (white arrows on Figure 4.30).
Claudin 1 and tight junctions are essential for the highly polarised phenotype of in vivo
hepatocytes, with claudin 1 particularly being noticeably different in appearance in polarised
HepG2 cells — with distinctive pools being seen (Mee et al., 2009). It is possible that the pools
of more intense staining seen in the priming model are indicative of bile canaliculi formation

and of a more polarised cell phenotype.
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2D from 3D

Figure 4.31: Mdr1 stains more intensely in HepG2 cells grown on Alvetex® compared to 2D

cells.

Mdrl1 probed (green) and Hoechst 33342 stained (blue) immunofluorescence images of
HepG2 cells grown for 7 days on coverslips after liberation from 2D or 3D priming, or on
Alvetex® Strata for 8 days. Arrows indicate intense staining ‘pools’ Cells seeded at a density
of 2.5 x 10° cells per coverslip and 1 x 10° cells per membrane of Alvetex®. Scale bar = 50 um

and 20 um respectively.

Multidrug resistance protein 1 (MDR1) or P-Glycoprotein 1 is a drug transporter protein that
is commonly associated with the canalicular membrane in hepatocytes (Cizkova et al.,
2005). The staining pattern in HepG2 cells of MDR1 tends to be less membrane specific than
the prior stains (claudin 1, N-cadherin) but is known to have more intense spots (arrows)
where bile canaliculi formation occurs (Wojtal et al., 2006). In both conditions of the 2D
HepG2 cells (Figure 4.31), the MDR1 staining is diffuse across the cell, showing little
specificity for the cell edges, and exhibiting cytoplasmic expression. In the priming model,
the stain is still diffuse, but is more intense and more noticeable at the cell edges (see
arrows). There are also evidence of more more intense staining noticeable across the HepG2
cells in the priming model, and this — similar to claudin 1 — could be indicative of rudimentary

bile canaliculi formation.
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Figure 4.32: Sun1 staining is more intense in 2D cells yet less nuclear specific.

Suni probed (red) and Hoechst 33342 stained (blue) immunofluorescence images of HepG2
cells grown for 7 days on coverslips after liberation from 2D or 3D priming, or on Alvetex®
Strata for 8 days. Cells seeded at a density of 2.5x10° cells per coverslip and 1x10° cells per

membrane of Alvetex®. Scale bar 50 um and 20 um respectively.

The presence of the nuclear laminar proteins sunl and sun2 was investigated to see whether
the altered mechanical properties of the 3D priming model would change the expression or
localisation of these important proteins involved in mechanotransduction. Sunl expression
was drastically different between 2D cells and the 3D priming model (Figure 4.32) with the
appearance of more intense staining in the 2D cells both primed and not than the cells on
the 3D priming model. Sunl did however seem more localised to the nucleus in the 3D
priming model whereas the staining was more diffuse and present in the cytoplasm for the
2D cells. This may be indicative that saturation was occuring at the binding sites for Sun1 at

the nuclear envelope (Haque et al., 2006).
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Figure 4.33: Sun2 expression is increased in 2D cells indicating stiffer nuclei.

Sun2 probed (red) and Hoechst 33342 stained (blue) immunofluorescence images of HepG2
cells grown for 7 days on coverslips after liberation from 2D or 3D priming, or on Alvetex®
Strata for 8 days. Cells seeded at a density of 2.5x10° cells per coverslip and 1x10° cells per

membrane of Alvetex®. Scale bar 50 um and 20 um respectively.

Sun2 (Figure 4.33) expression was also significantly different between 2D cells and the 3D
priming model. The 3D primed cells on 2D showed little difference to the 2D cells, but both
of these conditions had very intense specific staining of sun2 around the nuclei. In the 3D
priming model, the staining was a lot less intense but still very localised to the nucleus. It is
evident from the sun2 staining on the 3D priming model how different the nuclei are in
appearance to the 2D nuclei, with a more deformed shape. The weaker staining of the sun
proteins in 3D and the different nuclear shapes suggest that 3D cells have softer nuclei than
the 2D cells, and that mechanical forces have indeed resulted in significant internal changes

in cell architecture.

When looking at the spheroids themselves, the difference of 3D priming follows a similar
pattern as before (Figure 4.34). N-cadherin staining appears more localised to the junctions

between cells and is slightly more intense in the 3D primed aggregates. MDR1 shows a
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heterogenous expression pattern, but the stain appeared more intense in the 3D primed
aggregates, and appears to be more specific to the cell edges compared to the faint diffuse
staining in the aggregates from 2D. No significant difference was seen in intial Claudin 1
staining, however when using a z stack to fully analyse all focal planes in the spheroids, there
was a noticeable increase in the presence of the intense claudin 1 ‘pools’ in 3D primed
aggregates (Figure 4.35 - arrows) as seen previously in the 3D priming model. To validate
this, further quantification through comparative ultra-structural analysis would be required,
but it suggests at least that the 3D primed cells are capable of forming important functional
structures. This immunofluorescence data indicates that structural differences are occuring
as a result of 3D priming, and while the magnitude of these changes equilibrates to an extent
in a secondary culture, there are still noteable artefacts of priming. The structural changes
may indicate that the primed cells are moving to a more hepatic phenotype in one sense,
with an increase in the tight junction markers and bile canaliculi associated markers claudin
1 and MDR1, however the fact that N-cadherin also appears more intense in 3D primed cells

suggests that the cells are retaining mesenchymal characteristics.

To assess whether the structure of the HepG2 cells in the priming model resembled hepatic
structure in vivo, H&E stains of the priming model and human liver were compared (Figure
4.36). Despite the presence of other cell types in the human liver, the HepG2 cell morphology
in the priming model closely resembled the hepatocytes in the liver, with dense packing,
multiple contacts and similar cell shapes/sizes observable. This is further evidence to suggest
that priming brings the cells towards a more physiologically relavant phenotype, which will
be further investigated through the subsequent transcriptomic and functional analysis. The
arrangement of the cells within the model is important as tight junctions for example play a
role in the paracellular delivery of hydrophilic drugs (Salama et al., 2006), and the distribution
of tight junctions are likely to be modulated (and increased according to the claudin 1
expression) in 3D cell culture. Therefore this has implications for the drug toxicity as well as

the intracellular changes occuring due to mechanotransduction.
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Figure 4.34: N-cadherin and Mdrl appear to be upregulated in 7 day mature spheroids

formed from 3D primed cells compared to spheroids formed from 2D cells.

Immunofluorescence images of HepG2 cells probed for N-cadherin, Mdr1l and Claudin-1
(green) and Hoechst 33342 (blue), grown for 7 days on as hanging drops after liberation from
2D or 3D priming, seeded at a density of 2 x 10* cells per aggregate. Scale bar = 50 um and

20 um respectively.

197



Spheroid from 2D | Spheroid from 3D

Claudin 1 Z-stack

S50 um

Figure 4.35: There appears to be increased punctate staining of Claudin 1 in 3D primed

spheroids, possibly indicating bile canaliculi-like structures.

Immunofluorescence Z-stack images of HepG2 cells probed for Claudin-1 (green) and Hoechst
33342 (blue), grown for 7 days on as hanging drops after liberation from 2D or 3D priming,
seeded at a density of 2 x 10* cells per aggregate. Arrows show intense staining ‘pools’ that
may be indicative of bile canaliculi. Slices taken from near the top and bottom of the spheroids
and are representative of staining patterns observed. Scale bar = 50 um and 20 um

respectively.

198



HepG2 on Strata

Human liver

100 pm

Figure 4.36: HepG2 cells grown on Alvetex resemble the structure of hepatocytes in the

human liver.

H&E images of HepG2 cells grown for 8 days on Alvetex® Strata at a seeding density of 1 x

10° cells (left) and human liver sections (right). Scale = 200 um and 100 um.
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4.45 The duration of priming affects the magnitude of the retained morphological

changes.

Consideration was given as to when priming starts to have a significant effect on cell
structure. Therefore a time-course experiment was set up to investigate this (Figure 4.37).
This experiment compared cells grown in 2D or in the priming model for either 1, 4 or 8 days
before liberation, and then compared the hanging drops formed from these cells, as well as

investigating the single cell structure when reseeded onto 2D coverslips.

Looking at the spheroids formed from these cells (Figure 4.38), it was clear that cells grown
for 8 days in both 2D and 3D were able to create healthier aggregates than the earlier time
points, indicating that cells require sufficient time in culture to ensure mature models. This
is potentially due to longer culture times permitting the formation of cell-cell contacts and
fully confluent layers where the cell structure is fully decided. Spheroids formed from 1 day
primed/grown cells often failed to properly form, with evidence of cell death and high debris
appearing at the later time points of aggregate formation. There were exceptions, but this
indicated that cells were under significant stress having been reseeded after only 1 day of
growth in prior culture, having had too little time to properly adhere and settle. Similarly,
after 4 days of priming/growth, some spheroids failed to form, though there were more
successful aggregates in this instance. Little difference was observable between 2D and 3D
primed cells though in aggregate formation however, indicating that this was not enough
time for the structures of the cells to settle and mature in the prior culture conditions. Finally,
with the 8 days of growth, the differences between 2D and 3D primed cells were not
particularly evident in this experiment, but at 4 days of aggregate growth, the 3D primed
spheroids possibly exhibited slight differences in structure to the spheroids from 2D cells.
While this did not highlight the differences in priming length, it did confirm that allowing cells

to grow for longer periods before reseeding is beneficial to the cell population.

The increasing effect of priming with time was more clearly seen in the single cell analysis
(Figure 4.39), with the differences between 3D primed and 2D cells becoming noticeable at
the 4-day time point, and the most visually prominent at 8 days. This follows the same
pattern as seen prior in this chapter (Figures 4.7 to 4.11), with the 2D cells becoming more
spread out and voluminous and the 3D primed cells remaining tight and spherical.
Quantification of the cell and nuclear areas in Figure 4.40 reflects this trend, though
interestingly the areas of both 2D and 3D primed cells are slightly smaller on average after 8

days of priming than 4 days.
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Figure 4.37: Schematic for the time course experiment.

HepG2 cells were grown in 2D or primed in 3D for either 1, 4, or 8 days before either imaging,
or liberation for reseeding into hanging drops or onto coverslips. Media was stored at these

time points for analysis.

The differences in area between 2D and 3D primed cells only become significant at 4 days
onwards though, indicating that priming does require a minimum amount of time to take
effect and elicit morphological changes that are retained in subsequent cultures.
Interestingly, the nuclear to cell area ratio average decreases as culture time increases, again
suggesting that longer time in culture provides chance for the cell to equilibrate to its
surroundings, which includes spreading of the cell onto the surface, and alterations in the

cyotskeleton and nuclear shapes.
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Figure 4.38: Cells in prior cultures for longer were able to form more mature hanging drops.

HepG2 cells seeded as hanging drops at a density of 1 x 10° cells per drop and imaged at
either 1, 4 or 8 days of growth using brightfield microscopy. Cells were either primed in 3D or

2D for 1, 4 or 8 days of culture before liberation and seeding as hanging drops. Scale bars =

100 um
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Figure 4.39: Cells primed for 8 days show the biggest difference in cytoskeletal structure

between 2D and 3D.

Phalloidin images of HepG2 cells after being plated onto coverslips at a density of 2x10* cells
per well and grown for 1 day after 1, 4 or 8 days of priming in either 2D or 3D. Scale bar = 100
um).
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Figure 4.40: Quantification of cell and nucleus areas reveal that both the cells and nuclei of
the 2D cells signficantly spread out after 4 or more days of growth compared to 3D primed

cells.

Quantification of cell and nucleus areas performed in ImageJ, with the percentage area of
the cell that the nucleus occupies displayed in the right hand graph. Over 30 cells measured

in each condition. N=3 n= 3, Error bars = SEM

While SEM images had been taken of single, reseeded HepG2 cells, highly detailed images of
the cells on the priming model revealed further insights into the growth of HepG2 cells on
the Alvetex® substrate, as well as their structures both as a total cell population and as
individual cells. The SEM images (Figures 4.41) reveal the tight packing of the HepG2 cells on
top of the 3D substrate, and highlight how intertwined the cells are with each other in terms
of structutre, with projections of the cell body linking the cells together, creating an almost

smooth layer of HepG2 cells at the very top (top right and bottom three panels).
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Figure 4.41: SEM images of HepG2 cells grown on Alvetex® highlight the tight packing and

close contact of the cells on the substrate.

Scanning electron microscopy (SEM) images taken of HepG2 cells seeded onto Alvetex® at a

density of 1x10° cells and grown for 8 days.

Figure 4.42: TEM images of HepG2 cells grown on Alvetex® highlights the presence of

desmosomes, bile canaliculi and tight junction formation.

Transmission electron microscopy (SEM) images taken of HepG2 cells seeded onto Alvetex®

at a density of 1x10° cells and grown for 8 days. DS = desmosome, TJ = tight junction, BC =

bile canaliculi. Scale: 200 nm and 1 um
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It is not surprising that with this extraordinarily close arrangement of cells that the structure
is considerably altered. Transmission electron microscopy (TEM) images of the HepG2 cells
in the 3D priming model (Figure 4.42) further highlight how the cell morphology in 3D is able
to form complex structures that help to interlink the cells on the model. These images were
also able to detect potential evidence of bile canaliculi, as well as the presence of
desmosomes and tight junctions, indicating that these cells are polarising during priming and

producing important structures that are key determinants of hepatic function.
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4.5 Discussion

4.51 Priming cells in 3D creates a memory of the three-dimensional structure that

is preserved after liberation.

There is a growing body of evidence that points towards the benefits of priming in specific
applications (Barthes et al., 2015; Lech et al., 2020; Sart et al., 2014), however there is still a
lack of research into the specific effect of the bio-physical properties alone of these priming
conditions on the structure and functionality of the cells. Therefore, this chapter focussed
on the structural implications of using a biologically inert substrate to provide an altered

surface topography for cell culture.

Throughout this chapter, evidence has been provided to indicate that through growing
HepG2 cells on a three-dimensional topography, they adopt a more three-dimensional
phenotype. Alterations in the macro-structure of the cell populations were observable even
7 days after reseeding 3D primed cells (Figures 4.2 — 4.5), suggesting that internal changes
have taken place to fundamentally alter the biology of the cells. These changes were
suspected to be related to the cytoskeletal machinery, expression of junctional and other
structural genes, and mechanosensitive elements of the cell. This chapter was able to assess
the two former areas, by thorough morphometric analysis on the cell shape, and the
cytoskeletal organisation in individual cells, as well as the presence and localisation of certain

structural markers with immunofluorescence.

The actin cytoskeleton was focussed on particularly here due to its mechanosensitive nature
as discussed in the introduction, and its association with mechanotransduction. Through
primarily phalloidin staining, in depth analysis was carried out on single cells that had been
reseeded onto coverslips after either priming in 3D or growing in 2D. The differences
between the two culture origins were clear to see on the coverslips, with 3D primed cells
presenting a highly reproducible phenotype of being smaller in cell area and more spherical,
whereas 2D grown cells were spread out, flatter and presented significantly larger areas. This
repeated observation pointed towards a mechanical memory in the HepG2 cells that
depended on historical substrate geometries. Figures 4.11 and 4.12 indicated the
involvement of the actin cytoskeletal machinery in this, through the observation that
interfering with Arp2/3 and ROCK1 particularly appeared to partially restore 2D cells to a 3D
phenotype. SEM images (Figures 4.13, 4.14) provided highly detailed images of the cell

shapes after reseeding from 3D or 2D, and the difference was very substantial, with the 2D
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cells clearly exhibiting a more ‘traditional’ two-dimensional phenotype, with a mesenchymal
appearance. The 3D primed cells however in general showed an ability to preserve a
spherical shape with much less evidence of cell spreading onto the substrate, providing
further proof that these have adopted a memory of their culture origin and are more adapted

to a complex microenvironment.

Papers have suggested that over longer periods (>3 days), altered localisation and activation
of key mechanotransducers such as YAP/TAZ (C. Yanget al., 2014) and altered transcriptional
states are responsible for creating a ‘memory’ response in cells (Mathur et al., 2020). These
could be underlying mechanisms responsible for the ‘memory’ observed in the HepG2 cells
here, and that is investigated through analysis expression of key mechanotransduction genes
in Chapter 5. What has been made clear throughout this chapter however is that growing
cellsin a 3D environment —in this case Alvetex® —is sufficient to produce a three-dimensional
phenotype in the HepG2 cells that is preserved after liberation, and that prepares the cells

for a secondary 3D culture.

4.5.2 Priming cells in 3D prepares them structurally for subsequent 3D models by

producing a retained three-dimensional phenotype within the cells.

The secondary 3D culture used in this case was an aggregate model, with spheroids proving
a useful model for cytotoxicity studies in hepatocytes (Shri et al., 2017). This model was
challenging to optimise at first, due to the inconsistent aggregate sizes, shapes and densities
of cells in the first iteration of the technique which used a low adherence Petri dish to allow
spontaneous self-assembly of aggregates (Figures 4.14 to 4.18). This stage of optimisation
was still useful to further indicate that priming cells in 3D before-hand improves the
aggregating capacity of the cells, and better prepares them for assembly into 3D structures.
Interestingly, the low adherence aggregates formed from 3D primed cells were denser and
formed large ‘multi-aggregates’ as confirmed by phalloidin staining, whereas the 2D grown
cells displayed a lower tendency to aggregate in this large-scale manner (Figure 4.16). The
low adherence aggregates also displayed signs of significant cell death occurring in the
hypoxic core of the aggregates, which further indicated the unsuitability of the low

adherence technique as a secondary model.

Through optimising the second iteration of the aggregate model — the hanging drop
technique —the 3D primed cells still displayed a propensity to form more three-dimensional

structures, whereas at higher seeding densities, 2D grown cells created more lawn-like cell
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layers that lay at the bottom of the droplet (Figure 4.21). Through morphometric analysis of
the hanging drops over a time course of 10 days, it was revealed that seeding density was a
significant driver of spheroid structural integrity, with the higher seeding density of 1x10*
cells resulting in a completely compromised circularity of the 3D primed cell aggregates, as
these cells had a propensity to form networks of smaller aggregates rather than one uniform
spheroid. The differences between 2D and 3D primed cells in forming aggregates implicates
differential expression of junctional proteins on the cell surface, especially when the patterns

of larger 3D primed aggregates seen in the low adherence aggregates are also considered.

E-cadherin for example is particularly important in mediating the formation of multicellular
epithelial spheroids, and the actin cytoskeleton is closely associated with adherens junctions,
with E-cadherin also being essential in epithelial sheet formation (Stadler et al., 2018). It is
logical then, that the changes in the cytoskeleton, and the altered aggregate formation
suggest altered expression of junctional proteins such as adherens junctions. Differential E-
cadherin has been demonstrated to affect spheroid formation in a number of cell lines,
including hepatocellular carcinoma cell lines where highly variable E-cadherin expression
depending on the mutations present in the HCC lines was reflected in variable spheroid
morphology (Pomo et al., 2016). E-cadherin was shown to be directly involved in the
transition from loose cell aggregates to compact spheroids (Lin et al., 2006), and this may
explain the ‘looser’ phenotype observed after shorter priming periods in Figure 4.36 where
E-cadherin expression potentially did not have time to stabilise. Conversely, studies have
indicated that N-cadherin is not an essential molecule for spheroid formation when other

complex cadherins are expressed (Lin et al., 2006; Shimazui et al., 2004).

In the morphometrics of the hanging drops, it was also revealed that the structures had a
tendency to both slightly increase in area and in density at the lower seeding numbers (1x10?,
1x103), indicating that cells are still proliferating within the model, as the properties of the
spheroids are changing as time progresses. The statistics in general indicate a much more
consistent set of structural properties between hanging drop spheroids from 2D and 3D
priming, compared to the low adherence aggregates (Figure 4.25). Cell death was also
drastically decreased in the hanging drops due to the smaller size than in the low adherence
aggregates, though it was still detectable to a small extent in the centre, indicating a slightly

hypoxic environment present (Figure 4.23).

Ultimately, an optimised secondary model was produced, through seeding 3D primed or 2D

HepG2 cells at a density of 1 x 10° cells per droplet and culturing them for 7 days. This
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produced mature, tight spheroids that were much more consistent regardless of culture
origin, meaning that functional qualities could be better assessed and compared in later

chapters.

4.5.3 Key structural markers appear more intense in the 3D priming model,

indicating a polarised phenotype with better suitability as a liver model.

Based on the differences seen in the aggregates and on the reseeded cells on coverslips, it
was hypothesised that differences were present in important structural proteins such as
junctional markers like Claudin-1 and E-cadherin, and that this in combination with the
internal mechanical alterations would result in the altered behaviour of 3D primed cells after
re-seeding. Histologically, the cells in the priming model closely resemble in vivo hepatocytes
(Figure 4.35) which gives reason to hypothesise that the priming model will produce more

physiologically relevant characteristics in the HepG2 cells.

This section presented a significant body of evidence to point towards this hypothesis, with
the junctional markers E-cadherin, N-cadherin staining noticeably more intensely in the
HepG2 cells in the 3D priming model. The staining revealed a tighter organisation of cells in
the priming model (Figures 4.27, 4.28), but was distinctively heterogenous in nature with E-
cadherin specifically, whereas N-cadherin was more present across the whole cell layer. E-
cadherin is known to be poorly expressed in HepG2 cells (Yano et al., 2001), but it is not
known why in 3D here the expression is so clearly localised to specific areas. It is possible
that localisation of the E-cadherin is stronger at the lateral junctions of the HepG2 cells in
the 3D priming model which is similar to the expression pattern of B-catenin in polarised
HepG2 spheroid models (Ramaiahgari et al., 2014a). It is also possible that some basic form
of metabolic zonation is occurring in these cells when in 3D, but this would require further
study due to the more homogenous expression of n-cadherin raising questions. In the 3D
primed cells reseeded onto 2D, the difference in expression of E-cadherin and N-cadherin
was less noticeably altered, however as seen in the neutral red stains, the 3D primed cells
had formed more noticeable individual colonies. It is possible that by the 7-day time point at
which these were imaged, the expression of many bio-markers had equilibrated between
the 2D cells and 3D primed reseeded cells, however it is likely there were significant
differences in the expression of these junctional markers during the early stages of growth
on the coverslips. This would suggest that a time course imaging experiment would be an
interesting future direction, to see how junctional expression might normalise as the

secondary culture progresses. When imaging the spheroids themselves (Figure 4.33), E-

210



cadherin expression unfortunately was hard to detect on the whole mount spheroids,
however N-cadherin was observable and there was also a possible slight upregulation in the

outer edges of the 3D primed spheroids, indicating a knock-on effect from priming.

Claudin-1 particularly appeared significantly upregulated in the 3D priming model (Figure
4.29), suggesting a higher presence of tight junctions between the cells, and a more polarised
phenotype present in 3D, and distinctive spots of intense staining were present in 3D, which
could be indicative of bile canaliculi structures forming. There was little difference between
2D cells and 3D primed cells on 2D, other than marginally more intense staining in the 3D
primed cells in specific areas. In the spheroids, while there was little difference in staining
intensity, there was a possible increase in the intense spots present in the 3D primed
spheroids, indicating an improved tendency to form bile canaliculi-like structures (Figure

4.34).

MDR-1 stained unusually in HepG2 cells, with the expected pattern being localised to the cell
edges (Figure 4.30), however the observed staining pattern was diffuse across the cytoplasm.
This has been seen in literature, (Wojtal et al., 2006), and could be indicative of impaired
trafficking of MDR1 to the bile canaliculi membranes by the golgi apparatus. In the 3D
priming model though, the MDR-1 did appear to be more intense at the cell edges,
potentially implying a partially restored trafficking of the protein, and in turn, improved drug
trafficking. In the spheroids (Figure 4.33), MDR-1 appeared more intensely in 3D primed
spheroids, again indicating that the 3D microenvironment had pre-conditioned the cells for

a three-dimensional system.

Sunl and sun2 exhibited the most intense differences between 2D and 3D cells, with the
expression of both of these markers being very much increased in the cells on the 2D
coverslips (Figures 4.31, 4.32). Sun proteins are essential linker proteins that connects the
cytoskeleton to the nucleus and are therefore heavily implicated in mechanotransduction.
Sun2 particularly is heavily localised to the edge of the nucleus in the 2D cells, whereas in
3D, there is still nuclear localisation, however the stain is much less intense. Sun1 is less
specific to the nucleus, appearing diffuse in the cytoplasm of many 2D cells, but is barely
detectable in 3D, again pointing to the same pattern. The cytoplasmic presence could
indicate saturation of Sunl proteins at the nuclear membrane (Haque et al., 2006), which
would suggest a high level of Sunl already present around the nucleus, but on the other-
hand it may be an indicator of aberrant trafficking similar to what is suggested with MDR1.

These staining profiles suggest that the cells in 2D have a much more rigid nucleus with a
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more structured connection to the actin cytoskeleton, whereas the 3D cells have a malleable
deformable structure, and this is consistent with existing papers (Alisafaei et al., 2019; Lovett
et al., 2013). These papers also indicate that altered substrate geometries induce actomyosin
dependent shuttling of epigenetic factors that alter the nuclear morphology, nuclear
stiffness and the gene expression, with smaller spherical cells exhibiting softer nuclei,
disrupted actomyosin contractility and increased nuclear chromatin condensation. This
correlates with the cytoskeleton experiments earlier in the chapter, and backs up the
hypothesis that 3D culture induces an altered mechanical state, which results in epigenetic

changes that persevere after liberation.

4.5.4 Priming cells for longer periods creates a more pronounced three-

dimensional phenotype.

As prior evidence suggests (Mathur et al., 2020), this chapter found that longer periods of
pre-conditioning cells on a particular substrate stiffness result in a stronger effect on the
structural properties after reseeding. While the hanging drop time-point experiment (Figure
4.37) did not unveil a particularly noticeable difference between 2D and 3D primed cells, it
did reveal the importance of culture time in allowing cells to settle and adapt to their
environment before liberation and reseeding. Reseeding cells from 2D or 3D into hanging
drops after less than 8 days culture time resulted in a significant number of failed spheroids
where the cells did not aggregate properly, and there was a high amount of debris. The debris
was particularly noticeable in the 1-day 3D primed spheroids, and this is likely due to the
very low cell yields at this early stage meaning that scraping of the substrate had to be more
vigorous to retrieve a sufficient cell number. This debris may therefore be an artefact of
mechanical damage to the polystyrene substrate, rather than a biological factor, however
the nearly complete lack of mature aggregates after 1 day of prior culture does indicate that
there is a minimum amount of culture time required before liberation. Longer time in a
culture system will allow the cells to form sufficient junctional complexes and will grant time

for the expression of these and other structural genes to normalise.

The length of priming time had a more prominent effect however on the structure of the
individual cell, with the single cell morphometric analysis on the cytoskeleton (Figures 4.38,
4.39) showing that growing cells on the three-dimensional surface of Alvetex® for longer
resulted in a progressively smaller nucleus priming time increased, however cell area only
decreased significantly after 8 days of priming. With 2D cells, interestingly the areas of

reseeded cells and nuclei was greatest after 4 days of 2D growth, with increased areas over
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1-day culture time still shown after 8 days, but at a smaller magnitude. It is likely that this
was due to cells reaching higher confluency after longer culture times, and therefore
compacting slightly to accommodate the higher cell number. The difference in area between
2D and 3D cells was significant and similar in value between 4 day grown 2D vs 3D cells and
8 day grown cells, and interestingly, the nucleus to cell area ratio was very similar across the
4- and 8-day conditions, displaying how the nucleus changes structure in accordance with
the cell shape and cytoskeleton. Interestingly, the nucleus to cell area ratio is slightly higher
in the 1 day grown cells from both 3D or 2D, indicating that at earlier stages of culture, the
nucleus takes up more area in the cell, and the cytoskeleton and therefore cytoplasm

expands to accommodate this over time.

Finally, TEM images (Figure 4.41) of the 3D priming model reveal how after 8 days of priming,
there is evidence of multiple junctions forming, and potential bile canaliculi structures,
suggesting polarisation and functionalisation of the HepG2 cells. The SEM images of the cells
on top of Alvetex® highlight how closely packed the cells are, with multiple indicators that
the cells in 3D are forming close bonds with their neighbouring cells, forming a three-
dimensional network of interactions. It is clear how the cellular structure is highly differential
when comparing a 2D monolayer to this tight layer of cells on 3D, and these differences are
evidently carried over, even after mechanical and enzymatic liberation. This therefore
suggests that changes are not just superficial but are occurring on a potentially

transcriptomic level. This will be investigated in the next chapter.
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4.6 Conclusions

This chapter presents a large body of evidence that characterises the structural changes
occurring in the HepG2 cells both during and after being primed in 3D, compared to 2D cells.
The reproducible and consistent data here presents a picture that depicts how the structure
of HepG2 cells is significantly transformed through priming in a 3D model, showing that the
cells have adapted to their surrounding microenvironment and are more ‘ready’ to move
into a secondary culture. While the appearance of certain structural markers is significantly
affected during priming, they seem to equilibrate between 2D and 3D primed cells in
subsequent cultures after 7 days, but the differences during priming may play a large role in
the observations that 3D primed cells exhibit a greater tendency to form three dimensional
structures. The individual cells display changed morphological characteristics that hint at
preserved differential gene expression, and this gives reason to believe that due to

mechanotransduction, transcriptomic changes will also be observable in the next chapter.
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Chapter 5 —The gene expression of

3D primed liver cells is significantly

altered and shows enriched hepatic
function.
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5.1 Introduction

5.1.1 Measuring gene expression provides a deep insight into biological

mechanisms

Gene expression analysis has long been a method used to determine changes in the
transcriptome that occur in in vitro models as the result of a test stimulus. Changes in the
expression of genes of interest can reveal upstream alterations in the biology of a cell that
may be undetectable through broader, less specific assays, and this can provide greater
detail into the mechanisms working behind more widespread biological changes. For over 25
years, quantitative PCR has proven to be a robust and invaluable technique for measuring
alterations in selected genes (VanGuilder et al., 2008). Quantitative PCR is commonly
employed in many in vitro functional tests that when combined with other assays and
orthogonal techniques can create a clear picture of a model’s biological profile from the level

of the gene up to the end stage biological processes.

While quantitative PCR is of great use in determining expression changes in a small number
of genes, microarray sequencing technologies provided a new medium through which a
much wider set of gene expression changes could be captured via profiling the transcriptome
of a cell population (Srivastava et al., 2019). Microarrays can provide a thorough comparison
between 2 conditions in terms of how gene expression may differ, however they are limited
by the fact that they only profile predefined transcripts/genes through hybridisation (Rao et
al., 2019). Another drawback of microarrays is that there is signal saturation at high levels of
gene expression and background hybridisation may interfere with low level expression

levels, meaning the dynamic range is limited (Srivastava et al., 2019).

While still suitable for many applications, microarrays have been succeeded somewhat with
the emergence of next generation RNA sequencing (RNAseq). RNAseq has been shown to be
more sensitive than microarray data when validating results with gPCR (Li et al., 2016; Wang
et al., 2014), and has a wider dynamic range, with no signal saturation or background
hybridization. This process is able to sequence the transcriptome in full and determine the
exact cDNA sequences in a sample. There exists a plethora of sequencing technologies, but
Illumina next generation sequencing is a well-established technology that utilises a specific
approach to sequence by synthesis. Firstly, a library of cDNA fragments is made from a
sample’s RNA, with adaptors attached to both ends of the fragments, and these fragments

are isothermally amplified on a glass flow cell resulting massively parallel clonal amplification
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of all fragments generated from the samples. Fluorescently tagged nucleotides then
compete for addition to each the immobilised fragments in parallel, and the complementary
chain grows one nucleotide at a time, releasing a fluorescent signal with each incorporation
(“Next-Generation Sequencing (NGS) | Explore the technology,” n.d.). This is done from both
ends of the sequence resulting in a paired end read, and a typical sequence length is usually
between 30-400 bp (Wang et al., 2009). Ultimately, this produces raw data for each sequence
read, which are then mapped to genes in the organisation of interest. From this, a count for
each gene is generated and once normalised to the total gene counts from a sample, this
number represents the gene expression levels within the chosen samples. Comparisons can
then be made between conditions to analyse differential expression. RNAseq is not without
disadvantages however, with it requiring a much more extensive and complex analytical
pipeline than microarrays — though this also means that there is a high degree of flexibility

and depth available in the bioinformatic analysis.

5.1.2 Global gene expression analysis permits deep insight into the effect of an

altered microenvironment.

While many transcriptomic studies focus on the effect of a compound or test condition on
the gene expression of models, there are only a handful of studies extending the applications
of sequencing to investigate how the physical microenvironment affects the transcriptome
of in vitro models. Ultimately these studies could present a critical shift towards more
thorough analysis of how mechanical changes affect the baseline biology of cells, as many
prior studies have only focussed on observing changes in set behaviours that they expect the
models to show. Transcriptomic analysis provides a much broader and deeper pool of data
that can reveal wider effects on the biology which may also indicate how

mechanotransduction is involved in the altered functional profile of the models.

Within the studies that have investigated global gene expression changes in 3D culture,
structural genes such as those involved in ECM organisation and binding and adhesion
related genes are often differentially expressed between 2D and 3D cells, for example in
mouse embryonic stem cells, under dynamic culture conditions in a 3D-spinner, certain ECM
related genes are over-expressed to a large degree along with growth factor genes, however
adhesion related genes were largely downregulated in 3D cells (Liu et al., 2006). When
investigating cells from both lung and squamous cell carcinomas, enrichment analysis of
genes differentially expressed between the two conditions shows revealed that the ECM was

one of the most highly enriched cellular components when comparing monolayer and 3D
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matrigel cell cultures (Zschenker et al., 2012). Curiously, transcriptomic profiling of stem-cell
derived neurons cultured in 2D and in 3D hydrogels reveals a different expression pattern,
with ECM related genes not showing any enrichment within the top 14 enriched biological
processes in either the 2D or 3D cells (Tekin et al., 2018). Further to that, a transcriptomic
analysis of cardiac differentiation in 3D aggregates showed that ECM genes including
different collagens such as COL1A1, COL4A1, COL5A1 and COL9A1 were upregulated in the
2D monolayers, which had been reported previously too (Branco et al., 2019). This was
explained due to a higher presence of fibroblast like cells in the monolayer cultures as
indicated by the RNAseq and the presence of fibroblast markers. It is highly likely therefore
that the cell type is a central factor in determining just what structural related genes are
differentially regulated when cultured in 3D. Investigating the global transcriptome is even
more crucial when looking at pluripotent stem cells compared to terminally differentiated
cell lines such as HepG2, as the microenvironment is a powerful source of cues for
differentiation (Edmondson et al., 2014b). In differentiated cell lines however, the
transcriptome may provide an indication of the phenotypic or epigenetic plasticity within the

cells, and this plasticity can be quite significant even through just mechanical alterations.

As discussed in previous chapters, enhanced functional properties are often an observable
trait of 3D in vitro models over 2D counterparts, and in transcriptomic studies, and this is a
commonly picked up through changes in gene expression patterns alongside the alterations
in structural genes. For example, the stem cell derived neurons showed increased expression
of astrocytic markers as well as a closer expression profile to that of human brain and human
brain organoids (Tekin et al., 2018). 3D cultured human stem cell derived cardiomyocytes
also revealed upregulation of genes involved in cardiac cell communication that are
preferentially expressed in atrial, nodal and conduction system cardiomyocytes (Branco et
al., 2019). The transcriptomic analysis revealed that 3D culture contributed to earlier
structural and functional maturation of cardiomyocytes when compared to 2D cells. With
mouse stem cells, 3D culture resulted in enhanced expression of genes that promote cell
differentiation (Liu et al., 2006), which backed up previous observations of enhanced
differentiation efficiency measured through flow cytometry and microscopy (Liu and Roy,
2005). The use of sequencing here provided a more granular insight into why the
differentiation states were altered in 3D and revealed unique changes in the transcriptional
machinery and regulation of cytokine activity. These findings highlight the strong analytical
power of sequencing in providing a simultaneously extraordinarily broad and highly sensitive

overview of how 3D culture widely alters cell biology.
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5.1.3 Transcriptomic analysis of liver models shows that 3D culture enhances

metabolism.

A large number of in vitro liver studies have included qPCR analysis to show that 3D cultured
liver models induce changes in gene expression. Primarily these have looked at the
expression of genes encoding for cytochrome P450 enzymes and selected phase Il
metabolising enzymes, with a number of liver specific biomarkers often explored. As
discussed previously, despite changes in gene expression; HepG2 cells often lack expression
of certain CYP450 genes altogether (Takahashi et al., 2015) but when changes in CYP gene
levels are observed, the data is often displayed as mRNA/gene expression relative to the 2D
sample (Ramaiahgari et al., 2014a; Shah et al., 2018; Stampar et al., 2019), which while
useful, does not indicate the absolute expression of those genes which could indeed still be
very low. Indeed, absolute expression is an important consideration with gene expression
analysis, as genes that have very low transcript levels will show higher fold changes with
smaller absolute increases in mMRNA expression; for example, going from 10 raw counts to
100 is a fold change of x10, however this may be less biologically significant that a gene that
goes from a count of 1,000 to 1,500 with only a fold change of x1.5. Aside from this certain
caveat, the low expression of the cytochrome enzymes in HepG2 cells can be alleviated to
some extent through using certain chemical inducers, increasing expression of hepatic
enzymes in HepG2 cells (Westerink and Schoonen, 2007a, 2007b). This suggests that to
create a fully functionally competent model, the solution may be a combination of 3D culture

and chemical inducers.

This thesis, however, was focussed on purely the effects of altering the physical substrate on
which cells grow. Despite the many small scale gene expression experiments that have been
performed in similar circumstances, there is very little data about global gene expression
changes that occur from culturing liver cells, let alone HepG2 cells, in a 3D
microenvironment. In one of the only studies performing transcriptomic analysis on HepG2
cells, a microarray was used to compare gene expression changes between monolayer and
spheroid rotating wall vessel cultures grown for 3 days in their respective culture format
(Chang and Hughes-Fulford, 2009). This experiment grouped genes that were over 2-fold
differentially expressed into categories of biological function based on known annotations.
The monolayer HepG2 cultures showed upregulation in cytoskeletal, cell adhesion and
extracellular matrix related genes amongst others, and the spheroids showed upregulation

of genes involved in xenobiotic metabolism and lipid metabolism. The analysis of this study
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was somewhat limited in depth, with no further statistical assessment to indicate how
strongly enriched those biological functions were. However, gPCR results on selected genes
showed a similar pattern indicating reproducible results, and functional assays (CYP1A1l
activity and albumin production) showed enhanced liver specific function in the spheroids
further backing up the sequencing data. Interestingly, the data showed that continuous
culture in the rotating wall vessel was necessary to maintain elevated function, as moving
the spheroids to a tissue culture dish drastically decreased CYP1A1 activity and albumin
production. This indicates the potent effect that maintaining a 3D microenvironment has on

cell biology and provides a rationale as to why priming could be beneficial.

One useful study used a microarray to compare global gene expression between HepG2 cells,
HepaRG cells and primary human hepatocytes (Hart et al., 2010). Both HepG2 cells and
HepaRG cells had a highly reproducible phenotype between replicates, whereas primary
hepatocytes had a lot more variation. This highlights the homogeneous nature of cultured
cell lines in comparison to the donor-to-donor variation inherently present in primary
hepatocytes. HepaRG cells were shown to have more similar expression profiles to the
primary hepatocytes and human tissue, notably in the expression of phase | and phase Il
enzymes. Another study comparing gene expression with microarray analysis in HepG2 and
HepaRG cells before and after exposure to genotoxic and carcinogenic compounds showed
similar results to the previous study with non-exposed cells with HepaRG cells more closely
resembling liver and primary human hepatocytes in terms of gene expression (Jennen et al.,
2010, p. 2). Interestingly though, this study revealed unique strengths and weaknesses within
both HepG2 and HepaRG cells; HepaRG cells demonstrated a larger common response to the
carcinogens, demonstrating the use of these cells in models for biologically interpreting
chemical exposure effects. However, HepG2 cells were better at discriminating between

carcinogens, indicating potential in toxicogenomic based classification studies.

In addition to the transcriptomic data, a small number of studies have also shown proteomic
responses of liver cells to 3D culture conditions. The proteomic expression of HepG2 cells for
example was found to be strongly associated to a cancer cell signature with 3D spheroid
cultures unable to substantially alter the expression of key metabolic proteins (Hurrell et al.,
2018). Despite the lack of metabolic change, the 3D culture of HepG2 cells did however
significantly decrease the number of differentially expressed proteins when compared to
primary hepatocytes, indicating that the 3D environment does bring cells closer to a more in

vivo-like phenotype (Hurrell et al., 2018). The comparison in this study focussed primarily on
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the HepG2 cells vs primary hepatocytes however and it did not directly compare monolayer
HepG2 cultures to spheroid HepG2 cultures. A different study performed by the same group
did directly compare HepG2 monolayers vs spheroids, and showed that protein expression
was altered to suggest a more mature hepatic phenotype in spheroid cultures, but the
changes were not reproducible between different replicates (Hurrell et al.,, 2019).
Monolayers on the other hand showed more phenotypic stability, and it was hypothesised
that longer culture times with the spheroids may be a factor that could reduce the
heterogeneity. Proteomic analysis on primary hepatocytes showed a clear trend towards
greater metabolic capabilities in 3D spheroid models compared to 2D sandwich models, with
proteins involved in drug absorption, distribution, metabolism and excretion being

upregulated in the 3D primary hepatocyte spheroids (Catherine C Bell et al., 2018).

It is imperative to clarify, however, that gene expression does not necessarily have a linear
relationship with protein expression, as gene expression is a step removed upstream
(through post-transcriptional modifications) from protein expression. With a known poor
correlation existing between mRNA levels and protein expression, a number of recent studies
have focussed on investigating exactly how gene expression can be used as a predictor of
protein levels. One such study revealed that transcript and protein levels actually do
correlate closely when using a gene-specific RNA-to-protein conversion factor that is
independent of tissue type (Edfors et al., 2016). This shows that there is a measurable and
predictable link between gene and protein expression. Additionally differentially expressed
genes between two conditions have been shown to more closely predict protein expression
changes across the two conditions too (Koussounadis et al., 2015). Therefore, changes in
gene expression do have a significant impact on protein levels, and this provides further

confidence when drawing functional inferences from transcriptomic data.

5.1.4 The appropriate analytical techniques to assess gene expression changes are

dependent on experimental design and the goal of the study.

Transcriptomic data can provide a wealth of biological information, but this also provides
challenges in the fact that there is a lack of a standardised data analysis approach, and the
process for transforming the raw data into something meaningful is also a time intensive
progress where consideration needs to be given to the methodology. The most basic level of
gene expression analysis would consist looking at individual genes and examining the
changes in normalised expression between two conditions such as through RTgPCR. That

does indeed reveal a limited amount of information, through probing whether the gene of
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interest has changed, and the magnitude by which expression has differed. This may provide
insight into whether a key hepatic or metabolic gene (such as CYP1A1l or albumin) has
increased in expression, though this is of course a very isolated approach by looking at the
individual gene and not considering interactions with other genes and how that gene fits into
wider biological processes and functions. Context is a critical factor that is lacking in analysis

focussing on genes as individual entities (such as qPCR).

A useful way to give genes biological meaningful context is through the Gene Ontology (GO)
which provides a uniform vocabulary that is able to describe the function and role of genes
across species (Ashburner et al., 2000). The GO does this by annotating genes products with
a GO term within the three distinctive ontologies; molecular function, biological processes
and cellular components (Gaudet et al., 2017). These GO terms are linked to other terms to
form a hierarchical vocabulary where terms may have multiple relationships to ‘parent’
terms and multiple ‘children’ terms stemming off it. The main benefit of using GO when
looking at transcriptomic data is that it allows more confident conclusions to be drawn

through strong statistical power provided with enrichment analysis.

Enrichment analysis is a way of testing whether certain gene annotations (for example
biological processes or cellular components) are enriched in one’s own data. This can include
GO based enrichment analysis which provides a standardised approach that is well accepted
in the community (Gaudet et al., 2017), but may alternatively involve analysis based on
pathway databases or other ontologies. Enrichment analysis can be performed using
different techniques — one common method is through over representation analysis (ORA);
this uses a predefined list selected by the user, such as all genes over 2-fold upregulated in
3D, which is fed into one of many possible programmes that work out whether there is an
over representation of genes related to a certain process within the user’s samples when
compared to a reference gene set. In this study, over representation analysis was performed
using the online EnrichR software (Kuleshov et al., 2016) which enables GO enrichment
analysis as well as enrichment in many other annotated ontologies such as human tissue
types and disease phenotypes. This methodology is highly useful if the user knows what
parameters they want to use to define their list, however selecting an arbitrary cut-off may
exclude meaningful and significant changes in genes outside of that value, and this technique
also does not take into account the magnitude of change in any of the genes submitted; it is
solely a list of the selected genes that you provide, with no associated expression/fold

change values.

222



An alternative methodology that takes expression data into account is Gene Set Enrichment
Analysis (GSEA); a form of functional class scoring (Subramanian et al., 2005). GSEA is
different to ORA in that it uses a ranked list of genes — for example ranking the genes in order
of fold change or significance, or in the case of many modern tools a list of genes with
associated values in a second column. This means that no prior cut off is needed for the list
as the analysis takes into account the desired expression metric, though in cases where fold
change is supplied as a second column, it is often useful to include a baseline P value to cut
out any non-significant changes. GSEA works by ‘walking’ through the user’s gene list,
referencing it against known functional groupings, GO terms or pathways and calculating an
enrichment score based on the extent of over representation of gene groupings at either
extreme of the ranked list; the top of the list being upregulated genes, or the bottom being
downregulated. The enrichment score which is weighted by expression levels is then given
to the gene set to indicate the extent of over-representation, along with statistical
significance being calculated and multiple hypothesis testing (FDR value) (Subramanian et
al., 2005). The primary tool used in this study to conduct GSEA was WebGestalt, a web based
gene set analysis toolkit (Liao et al., 2019) that provides GSEA in many well established
functional databases including GO and pathways from KEGG (Kanehisa and Goto, 2000),
Reactome (Fabregat et al., 2017) and WikiPathways (Slenter et al., 2018). Additional pathway
based enrichment analysis was carried out on the Reactome web based tool itself, which
used a modified GSEA methodology called CAMERA that accounts for inter-gene correlation,

something that gene set tests can be sensitive to (Wu and Smyth, 2012).

Ontology based analysis is a valuable technique through which one can infer biologically
meaningful conclusions from their data by putting it into context. For both this and individual
gene-based analysis to be valuable though, one needs to ensure the data is reliable in the
first place. This is aided through a slightly different form of analysis; comparative statistics
which provide significant value in transcriptomic studies. A volcano plot for example provides
an overview of all differentially expressed genes between two conditions and can show
which genes are upregulated, downregulated with applied significance and fold change cut-
offs highlighting areas of highly differentially expressed genes. Clustering analysis is a
common technique through which to compare similarity of two chosen conditions by
calculating a distance measure (often the pairwise distance between all data points). In
hierarchical agglomerative cluster analysis (Johnson, 1967), data that is the least distant
apart is joined up, followed by the next most similar data point, and this continues until a

‘tree’ is formed, which can be seen in this study on the heatmaps and cluster analysis graphs.
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Similarly, principal component analysis (PCA) can highlight similarities or variation between
samples in gene expression analysis by providing “fully unsupervised information on the
dominant directions of the highest variability” (Lenz et al., 2016; Ringnér, 2008). This
provides understanding of how variable replicates were and how different conditions relate

to each other.

5.2 Hypothesis and aims

It is hypothesised that through deep transcriptomic analysis, distinctive enhanced functional
gene sets will be enriched in the 3D HepG2 models. These enriched functional genes are
expected to be liver specific mainly, with predicted upregulation in metabolism and
biosynthesis based on data in the previous chapters and the literature. In contrast, it is
expected that the 2D models will demonstrate enrichment in structural and
mechanotransduction related genes such as adhesion and cytoskeletal arrangement. In
addition, it is expected that enrichment will occur in areas previously not considered which
will provide an interesting view of the wider biological ramifications of changing the

mechanical properties of the culture format.

It is predicted that through comparison with primary hepatocytes and human liver that the
3D primed HepG2 cells will be closer in gene expression profiles to both the hepatocytes and
the human liver. It is likely that the difference between HepG2 cells and the liver/primary
hepatocytes will be large though, particularly in the comparison to the human liver due to

different cells being present other than just hepatocytes.

5.3 Objectives

e To fully characterise the gene expression profiles of HepG2 cells grown in 2D or in
3D on Alvetex® Strata, and to compare these expression profiles to human liver and
primary hepatocytes.

e To investigate differential expression in genes of interest, both functional and
structurally related.

e Toinvestigate areas of enrichment in the 2D and 3D HepG2 cells, through using over
representation analysis and gene set enrichment analysis with Gene Ontology and

known pathways.
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5.4 Results

5.4.1 Quality control of the RNA confirmed its suitability for sequencing.

Preparing the RNA for sequencing was a critical process that needed to be tightly controlled
and correctly carried out to ensure maximum RNA quality with no contamination or
degradation. A preliminary way to check for this was through running RNA samples obtained
from 2D HepG2 cells, 3D primed HepG2 cells (both grown for 8 days as described in Chapter
2 and 3) and human liver through an agarose gel with ethidium bromide and visualising them
with ultra-violet light (Figure 5.1). Degraded RNA appears as an indistinct smear, whereas
good quality RNA appears with two distinct bands, the 28S RNA (the top band) and 18S
(bottom band) and a 2:1 ratio of these respective bands indicates intact RNA (“Agarose Gel
Electrophoresis of RNA - UK,” n.d.). Human liver was a lot more difficult to isolate RNA from
than the HepG2 cells due to the high level of RNAses in the liver, yet aside from some slight
smearing in the first human liver sample, all samples looked in-tact with no noticeable

degradation.

For a more accurate quality control exercise, these samples were loaded into an Agilent
TapeStation system which provides automated electrophoresis and data processing to
determine a numerical integrity value of RNA samples based on the ratio of bands (Schroeder
et al., 2006). The integrity number, termed RIN is scored out of 10, and anything over an 8 is
considered excellent quality. The 4 best scoring replicates were selected from each sample
and are shown in Figure 5.2, and the scores were very high across the board, with the lowest
being a human liver sample scoring 7.5. These data indicated that these samples were of high

enough quality to submit for sequencing.

5.4.2 Comparative analysis of samples reveals high similarity between 2D and 3D

HepG2 cells, with a large difference to human liver and primary hepatocytes.

These samples were sent to the sequencing department at Durham University Department
of Biosciences, who prepared a library and sequenced them, providing the raw data back.
After processing the raw data (see methods), differential expression data was generated
where any gene with a count higher than 10 in one of the compared samples was listed.
Principal components analysis of the three conditions (Figure 5.3) highlighted how the
HepG2 cells from 2D and 3D were a lot closer to each other in terms of expression profiles

than they were to human liver which was highly separate from the HepG2 samples. This is
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especially evident in the log transformed PCA data. One key observation is the lack of
variability between the replicates in each of the three conditions. This indicates that the in
vitro models are highly reproducible in terms of the phenotype, though this was more
expected with the human liver, which was isolated from one donor, therefore it was likely
that variability would be low. Including online data from primary human hepatocytes (PHH)
cultured for 1 day on a 2D substrate (Figure 5.4) revealed that these cells were highly distinct
in terms of expression profile to both the human liver and HepG2 samples but possibly
indicated a mid-way point of sorts in terms of expression between human liver and HepG2

cells.

Clustering analysis (Figure 5.5) was also used to provide detail on how similar each sample
was to every other sample. Darker coloured squares indicate a high degree of similarity,
whereas the light squares show that the samples are highly dissimilar to each other. Using
log transformed and untransformed data showed the same patterns of similarity between
the samples. Each sample was most similar to the replicates within its own condition, and
between conditions, 2D HepG2 cells were most similar to 3D HepG2 cells, and PHHs were
most similar to human liver, but as seen in the cluster trees, the distance between these two
conditions was still considerably high. The HepG2 cells also have a slightly closer similarity to
PHHs than human liver as indicated by the very slightly darker squares between the HepG2

and PHH samples.
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Figure 5.1: Initial quality control on agarose gels showed minimal degradation in the

samples.

Fluorescently visualised samples on agarose gels. 6 replicates of either HepG2 cells from 2D
(2D) grown for 8 days at a seeding density of 5x10°, HepG2 cells in 3D (3D) grown for 8 days
on Alvetex® Strata at a seeding density of 1x10° or human liver (HL) were processed to
extract RNA. RNA samples were then electrophoresed on a 10 % TAE agarose gel, 100V for
1.5 hours with ethidium bromide. Imaged on a Gel dock using ultraviolet light. Gels were run

twice, samples represent N= 6
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Figure 5.2: RNA samples were high quality when ran on the tape station.

Agilent Tapestation results showing the RNA integrity score (RIN) for the four best scoring
biological replicates across the three conditions; 2D HepG2, 3D HepG2 cells and human liver.

A score of 10 indicates the highest possible RNA quality. Gels were run twice, samples

represent N=4
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Figure 5.3: Principal component analysis shows that biological repeats are consistent, but

human liver is very dissimilar to HepG2 models.

Principle component analysis conducted on gene count data of 2D and 3D primed HepG2 cells

compared to human liver, using generalised PCA glmpca and rlog transformed data. Gene

data from samples represents N= 4
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Figure 5.4: Principal component analysis including data from primary hepatocytes shows

that these are also highly distinct from HepG2 cells and human liver in gene expression.

Principle component analysis conducted on gene count data of 2D and 3D primed HepG2 cells
compared to human liver, including primary hepatocyte data sourced from EMBL-EBI

Expression Atlas, using generalised PCA glmpc and rlog transformed data. Gene data from

samples represents N=4
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Figure 5.5: Sample clustering shows the highest similarity is between 2D and 3D HepG2

cells.

Clustering analysis on 2D and 3D HepG2 compared to human liver (HL) and primary
hepatocytes (ERS18759 ) was performed using rlog transformed data and using
untransformed data with Poisson Distance. The number after the condition (e.g. 2DX)
indicates the repeat number (1 to 4 on each) and the end number (e.g. 2D1_X) indicates the
order in which the samples were originally numbered. Darker colours indicate a higher

measure of similarity (AU). Gene data from samples represents N=4
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Table 5.1: Significant gene counts vary between comparisons.
Table constructed using total gene counts in each compared condition (genes with a read
count of over 10 in either condition). Significant genes filtered by any genes that had

differential expression with a P adjusted value of <0.05.

3Dvs 2D HL vs 2D HLvs 3D 2DvsPHH 3DvsPHH PHH vs HL

13,938 15,724 15,694 15,701 15703 16,061

Significant 7,852 13,073 12,800 12,395 12,487 11,876
genes

Upregulated 3,846 7,030 6,903 5,749 5,789 5,929
genes

Downregulated :No[3 6,043 5,897 6,646 6,698 5,947

genes

Table 5.1 provides a summary of the number of significantly differentially expressed genes
between each condition. There is clearly a large number of differentially expressed genes
between the HepG2 cells compared to human liver and primary hepatocytes, though despite
the relative similarity on the PCA and clustering analysis of the 2D and 3D HepG2 cells, there
were still over 7,000 significantly differentially expressed genes between these 2D and 3D
conditions. Interestingly, there were less differentially expressed genes between 3D HepG2
cells and human liver than 2D HepG2 cells versus human liver, and although this was
marginal, it suggests that the 3D HepG2 cells have a slightly closer gene expression profile to

human liver.

Using a volcano plot enabled with a fold change cut-off of 22 and an adjusted P value cut-off
of <0.000001 (Figure 5.6) on the 2D vs 3D HepG2 samples further visualised the more
extreme differences in gene expression between 2D and 3D HepG2 cells. Interestingly some
of the most significant changes in expression were not at the high ends of the differential
expression, such as MTHFD2 and TPM4 which were 2.85 and -2.88-fold expressed in in 3D
compared to 2D. Some of the largest fold changes were not even statistically significant,
often because of low absolute counts combined with high variability. However, this clearly

demonstrates that there is a wealth of genes that are significantly differentially expressed
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between the two conditions and indicates that further analysis could reveal some interesting
patterns. It is useful to clarify that phrasing genes as upregulated in 3D can equally mean
genes that were downregulated in 2D, and vice-versa, but the direction of change between

the two chosen conditions is what is important for analysis.

3D versus 2D

Bioconductor package EnhancedVolcano
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Figure 5.6: Volcano plot performed on 2D vs 3D HepG2 samples shows a similar spread of

genes upregulated in 2D and 3D.

Volcano plot created using the Bioconductor package EnhancedVolcano in R. P adjusted value
cut off set to <1x10° and fold change cut off set to >2 (or 1 when log transformed). Therefore,
genes in the top left and right segments (coloured in red) are significantly differentially
expressed with over a 2-fold change between the two conditions and are highly statistically

significant (<1x10®). Gene data from samples represents N= 4
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5.4.3 Metabolic genes are upregulated in 3D HepG2 cells though absolute

expression is often low.

To investigate differential expression of selected genes of interest, heatmaps were
generated. The first heatmap was created using the search term ‘cytochrome P450’ in R to
pull out any gene that had that term in its name from the differential expression data. Two
heatmaps were generated; the first heatmap made from all of the genes matching this search
term from the average normalised expression values across all expressed genes in 2D HepG2,
3D HepG2, PHH and HL, whether significant or not (Figure 5.7). The second heatmap was
generated from all significant genes (P adjusted value of <0.05) matching the search term
that were over 2-fold differentially expressed in either direction between just 2D and 3D
HepG2 cells (Figure 5.8) including each replicate to provide a more detailed insight. This
pattern was used for all heatmaps where a search term was applied (Figures 5.7 to 5.15).
From the full gene heatmap for cytochrome P450 gene expression, it is immediately evident
that the human liver has strong expression in many of the key CYP genes, notably CYP3A4,
CYP1A2, CYP2C9, CYP2D6 and CYP2E1 which are critical for xenobiotic metabolism. These
enzymes have higher average expression in the human liver over all the other conditions, are
weaker in PHHs and have very low absolute expression in HepG2 cells in comparison. Many
of the CYP genes are slightly increased in 3D HepG2 cells compared to 2D, however the
absolute expression is low for most of the CYPs in the HepG2 cells compared to the primary
hepatocytes and human liver. There are exceptions where the HepG2 expression is closer to
PHH and human liver such as CYP51A1 and CYP27A1 involved in lanosterol conversion and
bile acid synthesis respectively (Pikuleva et al., 1998; Strushkevich et al., 2010) which have
distinctively high expression in both HepG2 models (higher in 3D) and human liver but not
PHHs. There are also unusual cases such as CYP2W1 and CYP19A1 where expression is higher
in HepG2 cells than either PHH or human liver. The differences in expression within many of
these key enzymes between the primary cell sources and the HepG2 cells indicate how far

removed from in vivo physiology the HepG2 cells are.

The >2-fold significant genes between 2D and 3D HepG2 cells (Figure 5.8) shows that only
one of the key drug metabolising cytochromes; CYP1A2 is differentially upregulated in 3D
culture. Out of the remaining 22-fold differentially expressed CYP genes, most of them are
upregulated in the 3D HepG2 cells, other than CYP2S1, CYP24A1, and CYP4F22. This indicates
that 3D culture does enhance the Phase | metabolism in general, though there is still a low

level of absolute expression when compared to the primary cells and human liver. For the
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Figure 5.7: Heatmap of all cytochrome P450 genes expressed across the four conditions

shows 3D HepG2 cells are more comparable to human liver than 2D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from the average
normalised expression values in each condition, with the search term ‘cytochrome P450’ used
to pull out all the CYP genes. Colour key equates to log10 of the expression value; darker
colours mean higher absolute expression. Euclidian clustering performed on the rows and

columns to show distance between samples. Gene data from samples represents N= 4
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Figure 5.8: A smaller set of CYP450 genes are over 2-fold differentially expressed between

2D and 3D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from the normalised
expression values in each repeat from 2D and 3D HepG2 cells, using P adjusted <0.05 and
log2FC>1 change, with the search term ‘cytochrome P450’ used to pull out all the CYP genes.
Colour key equates to log10 of the expression value; darker colours mean higher absolute
expression. Euclidian clustering performed on the rows and columns to show distance

between samples. Gene data from samples represents N= 4
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Figure 5.9: Glucuronosyltransferase genes are upregulated in 3D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘Glucuronosyltransferase’ used to pull out all the
glucuronosyltransferase genes. Colour key equates to log10 of the expression value; darker
colours mean higher absolute expression. Euclidian clustering performed on the rows and

columns to show distance between samples. Gene data from samples represents N= 4
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sake of concision, instead of focussing on the function of the individual genes, the heatmaps
will serve to provide an overall view of how expression in certain gene groupings change, but

further context will be given to the changes in the enrichment analysis.

Each set of Phase Il metabolising genes were then analysed, with glucuronosyltransferase
(UGT) genes being investigated first (Figure 5.9). Absolute expression of the UGT genes is
generally higher than the CYPs in the HepG2 cells, though relative expression is still low
compared to human liver and primary hepatocytes. Interestingly though, when looking at
the significant 22-fold genes, there is a very clear pattern of the 3D HepG2 cells having a
higher expression apart from UGT1A6, and the expression in 3D HepG2 cells is closer to
human liver in most cases than 2D HepG2 cells indicating a more physiological expression
profile. The sulfotransferase (SULT) genes show a very similar pattern of increased
expression in 3D HepG2 cells (Figure 5.10) when compared to 2D, with the 3D expression
levels being closer to those of human liver. Only three of the SULT genes were more than 2-
fold differentially expressed between the HepG2 models, though in each case these were
higher in the 3D priming models. Primary hepatocytes interestingly seem further removed
from human liver expression than 3D HepG2 cells with SULT2A1 and SULT1E1. This could be
an artefact of the fact the PHH samples were cultured in 2D (albeit for only 1 day) perhaps
already starting de-differentiation in some areas, though it could also be due to donor-donor
variation and the fact that human liver has cells other than hepatocytes too which may

interfere with expression levels.

The N-acetyltransferase (NAT) genes were strongly expressed across the board in HepG2
cells (Figure 5.11), even more so than in human liver and PHH in some examples such as
NAT9, NAT14 and NATS8L. Similar to the SULT and UGT genes, the NAT genes are upregulated
in 3D primed HepG2 cells in general over 2D HepG2 cells, and in general this brings the 3D
cells closer to human liver and PHHs but in some cases it actually brings the expression in
HepG2 cells over that of the human liver and PHHs indicating over-expression beyond in vivo
physiological levels in the HepG2 cells. Again, only 3 of the NAT genes were over 2-fold
expressed between the HepG2 cells, but these were each in 3D HepG2 cells. The glutathione
S-transferase (GST) followed the same pattern as the other phase Il enzymes with a general
increase in expression in 3D primed HepG2 cells over 2D, but there is more of a shortfall here
when compared to PHH and human liver (Figure 5.12) as expression is mostly low across the
HepG2 cells. Four of the GST genes are upregulated in 3D by over 2-fold further pointing

towards 3D culture enhancing phase Il metabolism in a uniform manner.
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5.4.4 Integrins are upregulated in 2D HepG2 cells, however cadherins and claudins

show a more mixed expression pattern.

Structural adhesion related genes were also specifically selected for analysis due to their
importance in mechanical processes and that they are known to be modulated with
substrate stiffness. Cadherins did not present a noticeably uniform pattern of expression in
either direction between 2D or 3D HepG?2 cells, instead showing upregulation in some genes
in 2D and some in 3D (Figure 5.13). E-cadherin and N-cadherin (CDH1 and CDH2 respectively)
are key genes for adhesion as discussed in prior chapters; CDH1 showed almost no difference
in expression between 2D and 3D HepG2 cells and showed lower overall expression in HepG2
cells than N-cadherin which was only slightly upregulated in 2D cells. It is also of note that
CDH1 was much more highly expressed in PHH and human liver, with human liver expressing
more CHD1 than CDH2 whereas PHHs showed very similar expression levels of both
cadherins. Compared to the low expression in HepG2 cells, this potentially indicates that the
HepG2 cells have moved towards a more mesenchymal phenotype than observed in healthy
in vivo cells — unsurprising considering they are a cancer cell line. Four of the cadherins were
over 2-fold differentially expressed, though these were VE cadherin (CDH5) and cadherin
related family member 5 (CDHR5). CHD5 is essential for vascular development (Carmeliet et
al., 1999), which is also expressed reasonably highly in the liver, though this is likely due to
the presence liver sinusoidal endothelial cells which express VE cadherin, not from the
hepatocytes (Géraud et al., 2012). Due to the mixed expression patterns, it is therefore
difficult to draw any further conclusions from the cadherin data without using more

advanced enrichment analysis.
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Figure 5.10: Sulfotransferase genes are upregulated in 3D primed HepG2 cells over 2D

HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘SULT’ used to pull out all the sulfotransferase genes. Colour key equates
to log10 of the expression value; darker colours mean higher absolute expression. Euclidian
clustering performed on the rows and columns to show distance between samples. Gene data

from samples represents N= 4
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Figure 5.11: N-acetyltransferase genes are upregulated in 3D primed HepG2 cells over 2D

HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘N-acetyltransferase’ used to pull out all the relevant genes. Colour key
equates to log10 of the expression value; darker colours mean higher absolute expression.
Euclidian clustering performed on the rows and columns to show distance between samples.

Gene data from samples represents N= 4
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Figure 5.12: Genes associated with Glutathione S transferase are upregulated in 3D primed

HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘GST’ used to pull out all the relevant genes. Colour key equates to log10
of the expression value; darker colours mean higher absolute expression. Euclidian clustering
performed on the rows and columns to show distance between samples. Gene data from

samples represents N=4
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All expressed Cadherin genes
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Figure 5.13: Cadherin genes show mixed expression patterns between 2D HepG2 cells and

3D primed HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘cadherin’ used to pull out all the relevant genes. Colour key equates to
log10 of the expression value; darker colours mean higher absolute expression. Euclidian
clustering performed on the rows and columns to show distance between samples. Gene data

from samples represents N= 4
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One of the key gene sets for cell-substrate adhesion is the integrins, and there was a clear
pattern of increased expression of these genes in 2D HepG2 cells over 3D (Figure 5.14). The
expression in human liver is lower than the 2D HepG2 cells in a lot of the integrin genes with
a closer expression profile to the 3D HepG2 cells suggesting that the in vivo ECM binding
properties are more closely mimicked when cells are grown in a 3D scaffold than on a stiff
2D substrate. As the integrin genes encode for various subtypes that group together in
different pairings to form focal adhesions it is perhaps unsurprising that the expression is
consistently upregulated in the 2D HepG2 cells. The PHH cells show strong upregulation in
ITGAS, ITGAV and ITGB1 particularly, significantly overexpressed compared to human liver
and the 3D HepG2 cells. This is likely an artefact of the 2D culture in PHH as levels of ITGAV
and ITGB1 integrin genes are close to the expression in 2D HepG2 cells. The cluster analysis
does still show that the PHH and human liver are more similar to each-other than to HepG2
cells, though the distance measure is high between the two. Only four of the integrin genes
were over 2-fold differentially expressed, and these were all upregulated in 2D HepG2 cells
compared to 3D HepG2 cells. This upregulation of integrin genes in 2D is likely due to bigger
focal adhesions forming as a result of significantly higher contact surface area with the
growth substrate compared to cells on a scaffold. Focal adhesions are known to decrease in
size as substrate stiffness reduces which is the case in 3D cell culture (Cao et al., 2017; Yeh

et al,, 2017).

The claudin genes are weakly expressed in both the HepG2 models compared to the human
liver and PHH cells, especially in the claudin gene most closely associated with hepatocytes;
claudin 1 which is very strongly expressed in human liver and PHH. Claudin 1 is significantly
upregulated in the 3D HepG2 cells by 1.3-fold, though this is a highly significant change with
a P-adjusted value of 5.8x10%. Unlike integrin, there is no distinct uniform upregulation in
one HepG2 model over the other, with claudin 6 and claudin 9 being over 2-fold upregulated
in 2D HepG2 cells, and claudin 19, claudin 14 and claudin 23 being increased in 3D models.
The more variable expression patterns in the claudins may be a result of tissue specificity of
claudins and suggests that not all tight junctions are inherently increased in a culture format
with significantly higher cell-cell contact. These data show that structurally, 2D cells do
appear to be enriched in terms of cell-surface adhesions, however with cell-cell contacts,
both in tight junctions and cadherins, there is less noticeable enrichment when looking at
individual genes. When analysing the full gene set through enrichment analysis, it is expected
that expression changes in wider genes also involved in adhesion may reveal a more directed

change in the structural genes.
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5.4.5 The differential responses of the HepG2 models to xenobiotics may be

attributed to wider biological alterations than just the key metabolic genes.

A set of xenobiotic compounds were selected for functional testing in Chapter 6. To help
predict what the toxicity responses of the HepG2 cells in the primary stage models might be,
the expression levels of the genes encoding enzymes and transporters known to interact
with each drug (according to go.drugbank.com) were analysed (Figures 5.16 to 5.21). based
on the already observed differences in metabolic gene levels, it was expected that there
would be a noticeable pattern of increased expression in the key metabolic and transporter
genes associated with each respective drug. In the genes associated with amiodarone,
gemfibrozil, ibuprofen and isoniazid there was very little discernible change in expression in
either direction overall (Figures 5.16 to 5.19), though interestingly, the genes that were
upregulated in 3D were either the phase | or Il enzymes, yet any significant increase in

expression of the ABC transporters was in the 2D HepG2 cells which was unexpected.

The lack of any noticeable pattern with these drugs was largely due to only a small number
of known interactors being known, meaning the heatmaps were very limited, and it is of
course possible that other genes involved in metabolic and transporter pathways are
involved that are not shown in these heatmaps. This places even more importance on using
enrichment analysis (particularly pathway analysis) as that takes into account interacting
genes that contribute to known biological functions. CYP1A1 which is involved in amiodarone
metabolism interestingly exhibited lower expression in human liver compared to the 3D
HepG2 cells and was more comparable to the lower expression in the 2D HepG2 cells, though
PHH cells showed higher expression of this gene. In most other cases, the human liver had
very high expression counts of the phase | and phase Il enzymes involved in metabolism of
these drugs, with the PHH cells tending to show values in between those of human liver and

HepG2.
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Figure 5.14: Integrin genes, including ITGAV and ITGB1 are upregulated in 2D HepG2 cells

compared to 3D primed HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘integrin’ used to pull out all the relevant genes. Colour key equates to
log10 of the expression value; darker colours mean higher absolute expression. Euclidian
clustering performed on the rows and columns to show distance between samples. Gene data

from samples represents N= 4
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All expressed Claudin genes
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Figure 5.15: Claudin 1 is upregulated in 3D primed HepG2 cells over 2D HepG2 cells,

however there is no clear expression pattern.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition (top) and the normalised expression values in each repeat
from 2D and 3D HepG2 cells, using P adjusted value <0.05 and log2FC>1 change (bottom),
with the search term ‘claudin’ used to pull out all the relevant genes. Colour key equates to
log10 of the expression value; darker colours mean higher absolute expression. Euclidian
clustering performed on the rows and columns to show distance between samples. Gene data

from samples represents N= 4
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With methotrexate and tamoxifen (Figures 5.20 and 5.21) there was a lot more information
available about known interacting enzymes and transporters, allowing more of an
understanding of which areas were enriched in which conditions. Three of the enzymes
involved in methotrexate metabolism were upregulated in 3D HepG2 cells (DHFR, AOX1,
MTHFR1) but two were upregulated in 2D (TYMS, GGH). Particularly striking however was
the split between the ATP-binding case (ABC) family of transporters being upregulated in the
2D HepG2 cells and the solute carrier (SLC) family of transporters showing upregulation in
the 3D primed HepG2 cells. Both of these transporter families are majorly implicated in the
transport and clearance of drugs in hepatocytes (Giacomini et al., 2010), with expression
either based at the sinusoidal pole where they act as influx transporters for uptake of drugs
from the blood, or at the canalicular pole where they act as efflux transporters, secreting
metabolites into the bile (Funk, 2008; Le Vee et al., 2015). In all cases, the key / rate limiting
enzymes in each reaction showed no significant differences between 2D or 3D (Table 5.2),
however the wider differences in gene expression may still lead to changes in metabolic

capacity which will be explored in the next chapter.

Two of the upregulated ABC genes in 2D HepG2 cells are indeed key canalicular efflux
transporters; ABCB1 and ABCC2, which were 1.24 and 1.41-fold upregulated in 2D. SLCO1B3
is a sinusoidal influx transporter which is upregulated in 3D, however absolute expression
was so low (the maximum raw count was 27 in one of the 3D replicates) that any biological
effect of this change may still be small. It is an interesting distinction between expression of
the two families of transporters, but when comparing expression of transporters to the
known polar location (data not shown) (Sissung et al., 2012), there does not appear to be a
distinct correlation with increased expression in either the canalicular or sinusoidal localised
transporters. With tamoxifen, there is a distinctive upregulation in 3D HepG2 cells of the
genes coding for the enzymes involved in its metabolism (Figure 5.21), yet again, the
associated ABC transporters are mostly upregulated in 2D. One notable observation is that
the expression of some of the significantly upregulated ABC transporters in 2D HepG2 cells
is often lower in the human liver, suggesting that despite the increased potential transport
capacity, the 2D HepG2 cells are further removed from the in vivo expression levels of these

transporters than in 3D.
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Figure 5.16: Expression patterns of key enzymes and transporters for amiodarone is

differential for CYP1A1 and ABCB1 between the HepG2 models.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list of known amiodarone interactors pulled from
Drugbank. Colour key equates to log10 of the expression value; darker colours mean higher
absolute expression. Euclidian clustering performed on the columns to show distance
between samples. Stars in 2D or 3D columns indicate a significant increase (P adjusted value
<0.05) in expression in that condition when 2D and 3D HepG2 cells are compared. Gene data

from samples represents N= 4
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Gemfibrozil
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Figure 5.17: Within the phase Il enzymes involved in gemfibrozil metabolism, only UGT2B4

shows a significant increase in 3D primed HepG2 cells over 2D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list of known gemfibrozil interactors pulled from
Drugbank. Colour key equates to log10 of the expression value; darker colours mean higher
absolute expression. Euclidian clustering performed on the columns to show distance
between samples. Stars in 2D or 3D columns indicate a significant increase (P adjusted value
<0.05) in expression in that condition when 2D and 3D HepG2 cells are compared. Gene data

from samples represents N= 4
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Figure 5.18: With ibuprofen metabolism, UGT2B4 is significantly upregulated in 3D primed

HepG2 cells, and the transporter ABCB1 is significantly upregulated in 2D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list of known ibuprofen interactors pulled from
Drugbank. Colour key equates to log10 of the expression value; darker colours mean higher
absolute expression. Euclidian clustering performed on the columns to show distance
between samples. Stars in 2D or 3D columns indicate a significant increase (P adjusted value
<0.05) in expression in that condition when 2D and 3D HepG2 cells are compared. Gene data
from samples represents N= 4 Metabolic pathway provided from PharmaGKB under their
Creative Commons Attribution-ShareAlike 4.0 International License available at

https://www.pharmgkb.org/page/dataUsagePolicy. (Mazaleuskaya et al., 2015; Whirl-

Carrillo et al., 2021)
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Figure 5.19: Isoniazid metabolism is not well explored, and the only known interacting

enzymes are not differentially expressed between 2D and 3D primed HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list of known isoniazid interactors pulled from
Drugbank. Colour key equates to log10 of the expression value; darker colours mean higher
absolute expression. Euclidian clustering performed on the columns to show distance
between samples. Stars in 2D or 3D columns indicate a significant increase (P adjusted value
<0.05) in expression in that condition when 2D and 3D HepG2 cells are compared. Gene data
from samples represents N= 4 Metabolic pathway provided from PharmaGKB under their
Creative Commons Attribution-ShareAlike 4.0 International License available at
https://www.pharmgkb.org/page/dataUsagePolicy. (Klein et al., 2016; Whirl-Carrillo et al.,
2021)
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Figure 5.20: Gene expression of enzymes and transporters involved in methotrexate
metabolism indicates a general trend towards enhanced metabolism and SLC transporters

in 3D primed HepG2 cells, and increased ABC transporters in 2D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list of known methotrexate interactors pulled
from Drugbank. Colour key equates to log10 of the expression value; darker colours mean
higher absolute expression. Euclidian clustering performed on the columns to show distance
between samples. Stars in 2D or 3D columns indicate a significant increase (P adjusted value
<0.05) in expression in that condition when 2D and 3D HepG2 cells are compared. Gene data
from samples represents N= 4 Metabolic pathway provided from PharmaGKB under their
Creative Commons Attribution-ShareAlike 4.0 International License available at

https://www.pharmgkb.org/page/dataUsagePolicy. (Mikkelsen et al., 2011; Whirl-Carrillo et

al., 2021)
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Figure 5.21: Genes involved in Tamoxifen metabolism indicates a similar trend towards
enhanced metabolism in 3D primed HepG2 cells, and increased ABC transporters in 2D

HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list of known tamoxifen interactors pulled from
Drugbank. Colour key equates to log10 of the expression value; darker colours mean higher
absolute expression. Euclidian clustering performed on the columns to show distance
between samples. Stars in 2D or 3D columns indicate a significant increase (P adjusted value
<0.05) in expression in that condition when 2D and 3D HepG2 cells are compared. Gene data
from samples represents N= 4 Metabolic pathway provided from PharmaGKB under their
Creative Commons Attribution-ShareAlike 4.0 International License available at
https://www.pharmgkb.org/page/dataUsagePolicy. (Klein et al., 2013; Whirl-Carrillo et al.,
2021)
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Table 5.2: Rate limiting or key enzymes involved in metabolism of each xenobiotic

agent.

Drug

Rate limiting / key enzyme

Reference

2D vs 3D Significant
change?

Amiodarone

Gemfibrozil

Ibuprofen

Isoniazid

Methotrexate

Tamoxifen

CYP3A4 and CYP2C8
(key enzymes
metabolising
amiodarone to main
metabolite
desethylamiodarone).

Unknown

CYP2C9 (key enzyme
responsible for
ibuprofen clearance,
catalyses formation of 3-
hydroxy-ibuprofen)

NAT-2 (rate-limiting
acetylating isoniazid to
acetylisoniazid)

FPGS (key enzyme
converting
methotrexate to active
methotrexate
polyglutamates)

CYP2DE6 (rate-limiting
metabolising tamoxifen
to endoxifen)

(Latini et al., 1984)

N/A

(Kepp et al., 1997)

(Desta and Flockhart,
2017)

(Barredo et al., 1994)

(Dean, 2012)

No

N/A

No
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5.4.6 Hepatic genes are upregulated in 3D HepG2 cells, and mechanotransduction

related genes are upregulated in 2D HepG2 cells.

A selected set of liver related genes, with the addition of the proliferative markers Ki67 and
PCNA were analysed and compared to human liver and PHH cells (Figure 5.22). Most of these
genes were selected because they are known to be expressed in hepatocytes, with many of
them being essential functional products of this cell type. With these functionally important
genes, there is a very distinctive trend of upregulation in the 3D HepG2 cells. Notably,
albumin (ALB) expression is increased significantly (1.69-fold upregulated) in 3D HepG2 cells.
This is one of the most common liver biomarkers used to test general metabolic competency
in hepatic models, so it is a positive sign of a more hepatic phenotype induced in 3D culture,
though albumin expression is massively upregulated in human liver compared to even the
3D HepG2 cells. Interestingly, expression of albumin is significantly higher in the 3D HepG2
cells than the PHHs (2.37-fold change) which was an unexpected direction of change,
potentially an effect of the 2D culture dedifferentiating and making the PHHs ‘less

physiological’.

Expression of the fibrinogen genes (FGA, FGB, FGG) is also higher in the 3D HepG2 cells
bringing them closer to the expression levels in the human liver, though interestingly again
moving them further from the lower expression in PHHs. Antithrombin (SERPINC1), an
important liver synthesised enzyme involved in regulating coagulation (Flood and Scott,
2018) is also upregulated in the 3D primed HepG2 cells, as are SERPINA6, thrombopoietin
(THPO) and transthyretin (TTR) and protein S (PROS1) all being brought closer to the
expression levels in human liver, often above the expression in PHH cells too. Hepatocyte
nuclear factor 4 alpha and gamma (HNF4A, HNF4G) are also upregulated in 3D, though
expression of these is quite weak in human liver. These genes encode the two isoforms of
hepatocyte nuclear factor 4 with the alpha isoform particularly implicated in regulating liver
differentiation, with evidence that it is also involved in transcriptional regulation of CYP3A4
by pregnane X receptor (PXR) and constitutive androstane receptor (CAR) (Tirona et al., 2003;
Walesky and Apte, 2015). It is possible that the lower expression in the liver is due to a more
terminally differentiated state of the cells, whereas in the HepG2 cells, the higher epigenetic

plasticity may still require expression of this nuclear receptor.
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Figure 5.22: Functional genes involved in hepatic processes are mostly enhanced in

expression in 3D primed HepG2 cells compared to 2D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list containing genes of interest. Colour key
equates to log10 of the expression value; darker colours mean higher absolute expression.
Euclidian clustering performed on the columns to show distance between samples. Stars in
2D or 3D columns indicate a significant increase (P adjusted value <0.05) in expression in that
condition when 2D and 3D HepG2 cells are compared. Gene data from samples represents

N=4
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Figure 5.23: Genes involved in mechanotransduction processes are almost unanimously

upregulated in 2D HepG2 cells compared to 3D primed HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list containing genes of interest. Colour key
equates to log10 of the expression value; darker colours mean higher absolute expression.
Euclidian clustering performed on the columns to show distance between samples. Stars in
2D or 3D columns indicate a significant increase (P adjusted value <0.05) in expression in that
condition when 2D and 3D HepG2 cells are compared. Gene data from samples represents

N=4
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Figure 5.24: Genes involved in the urea cycle are upregulated in 3D primed HepG2 cells

compared to 2D HepG2 cells.

Heatmap made using the Heatmap.2 package in R. Heatmap made from average normalised
expression values in each condition using a list containing genes of interest. Colour key
equates to log10 of the expression value; darker colours mean higher absolute expression.
Euclidian clustering performed on the columns to show distance between samples. Stars in
2D or 3D columns indicate a significant increase (P adjusted value <0.05) in expression in that
condition when 2D and 3D HepG2 cells are compared. Gene data from samples represents

N=4
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A curious exception is hepcidin antimicrobial peptide (HAMP), encoding for hepcidin which
is synthesised primarily in the liver (Strnad et al., 2011). This gene is upregulated in the 2D
HepG2 cells, where it is expressed at a similar level to human liver, albeit with a reasonably
low absolute expression. The other two liver related genes upregulated in 2D are for protein
C, inactivator of coagulation factors Va and Vllla (PROC) and SERPINA11, which are both
closer to the human liver expression levels in 2D HepG2 cells. These show that despite a very
clear overall pattern, of hepatic upregulation in 3D cells, there are certain exceptions to this
rule. Ki67, a proliferative marker is upregulated in 2D HepG2 cells too, however this is
expected based on the higher rates of proliferation observed in prior chapters; and this is
almost completely absent in the human liver indicating the terminally differentiated state of
in vivo hepatocytes with low proliferation. Having said that, a second proliferation marker,
PCNA was also present at low levels in the liver, but was upregulated in 3D unexpectedly,
though Ki67 has been shown to be more sensitive for detecting proliferation levels in

tumours (Mateoiu et al., 2011; Oka et al., 2011) so Ki67 is potentially more accurate here.

In addition to the specific hepatic genes, the expression levels of a curated set of genes
central to mechanotransduction processes was analysed (Figure 5.23). There is an instantly
recognisable pattern of significant upregulation of all of these genes in the 2D HepG2 cells
apart from lamin B4 (LMNB4), nesprin-1 and -3 (SYNE1, SYNE3) which are not significantly
differentially expressed, and nesprin-4 (SYNE 4) which is upregulated in 3D. The genes were
selected based on their known involvement with mechanotransduction and the function of
many of these were discussed in depth in the literature review (Chapter 1), such as genes
involved in regulating actin dynamics; actinin-1 (ACTN1), actinin-4 (ACTN4), vinculin (VCL),
VASP, zyxin (ZYX), ROCK1, ROCK2, palladin (PALLD). These genes involved in actin
organisation, polymerisation and dynamics were all upregulated in 2D HepG2 cells and in
most cases had elevated expression when also compared to the human liver which was
closer to the expression levels in the 3D HepG2 cells. The 2D HepG2 cells had a closer
expression profile of the mechanotransduction genes to the PHH cells which also showed
stronger expression in many of these genes, suggesting that the transcription of these genes
is indeed a result of the culture on a two-dimensional substrate as the cells are adapting to

a non-physiological microenvironment.

Additionally, the nuclear related lamins (LMNA, LMN4B1) and sun (SUN1, SUN2) genes were

upregulated in 2D HepG2 cells, with 3D HepG2 cells and human liver showing more
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comparable expression, though PHH cells did not show elevated levels of these genes, with
LMNB1 even being nearly completely absent in both the human liver and PHHs. The
transcription regulators YAP1 (YAP), WWTR1 (TAZ) are implicated in signal transduction of
mechanical cues and these were both upregulated in 2D HepG2 cells as well. YAP and TAZ
were upregulated by about 1.5 and 2.2-fold respectively in the 2D cells, with very similar
expression levels to the PHHs, whereas the 3D primed HepG2 cells were closer to the
expression levels in human liver. Paxillin and BCAR1, both involved in focal adhesions show
very similar expression patterns as the rest of the genes. These data reveal that the
mechanical stress of 2D culture is inducing expression of genes involved in cell morphology
and mechanical signal transduction, which is differential to the expression profiles in vivo.
The fact that changes are occurring here at a transcriptional level shows that the
dimensionality of the cell culture substrate is creating more than just a superficial alteration
in cell shape; it is causing changes in gene expression that — as previous chapters have shown

—results in a retained phenotype after liberation and reseeding.

5.4.7 Over-representation analysis reveals over-representation of metabolic and

biosynthetic processes in 3D primed HepG2 cells.

Over-representation analysis was performed on genes significantly upregulated by >1.2-fold
in 2D or 3D using EnrichR online software (Chen et al., 2013). Two sets of GO annotations
were analysed using this method: biological processes and cellular component (Figure 5.25).
This data shows the most over-represented biological processes and cellular components
within the user’s data set as the longest and lightest bars on the bar chart. With the biological
processes, the genes upregulated in 2D HepG2 cells are over-represented in multiple
transcriptional regulatory processes, in addition to cell migration, apoptotic processes, signal
transduction, cell cycle regulation, and apoptosis. Conversely, in 3D HepG2 cells, three of the
most over-represented biological processes are biosynthetic processes for sterol, cholesterol
and secondary alcohol. Cholesterol metabolism and amino acid catabolism are also strongly
enriched in 3D primed HepG2 cells alongside mitochondrial translational processes. The
upregulation in biosynthetic and metabolic processes are key indicators of enhanced hepatic
function in 3D primed cells; alcohol, and cholesterol metabolism/biosynthesis are all
primarily functions localised to the liver (Berg et al., 2002; Cederbaum, 2012), and the fact
that genes with these annotations are overrepresented in the genes upregulated in 3D
primed HepG2 cells shows that the 3D microenvironment is significantly enhancing hepatic

function and increasing the metabolic and biosynthetic capacity of these cells.
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Over Representation Analysis — enriched gene ontologies
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Figure 5.25: Over representation analysis using gene ontology shows that the upregulated genes in 3D primed HepG2 cells exhibit a hepatic phenotype.

Over representation analysis using a set of genes significantly (P adjusted value <0.05) upregulated by over 1.2-fold in either 2D HepG2 cells (left) or 3D primed
HepG2 cells (right) in the EnrichR online software to calculate enriched biological processes (top) and cellular components (bottom). GO 2018 terms used for
analysis. Length and lightness in colour of the bars indicates significance of that selected category (grey would indicate no significance, FDR >0.05). Gene data

from samples represents N= 4
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Additionally, the over-represented processes in 2D show that transcription is altered and
that genes involved in transcriptional regulation are over-represented. This in combination
with the over-representation of signal transduction suggests the role of
mechanotransduction in altering transcriptional machinery due to growth in a 2D
microenvironment. This evidently results in mechanical changes towards a non-physiological
phenotype where fundamental biological processes are changed. Alongside this, there is an
indication that the 2D HepG2 cells are exhibiting a more cancerous phenotype, with
regulation of apoptosis, regulation of migration and regulation of cell cycle being significantly
altered. Further to this, the bottom bar charts showing cellular components are very
revealing through showing which specific areas of the cell are over-represented. In the 2D
HepG2 cells, there is marked over-representation in many components closely linked to
mechanotransduction responses — focal adhesions, microtubules, actin cytoskeleton and
actomyosin to name a few. The fact that focal adhesions are the most enriched is predictable
considering the integrin expression patterns, but this confirms the mechanical alterations
are bringing the cells away from a physiological phenotype in 2D and explains the altered
transcriptional machinery and signal transduction. In the 3D primed HepG2 cells, genes
associated with various regions within the mitochondria are overrepresented which fits with
the enhanced metabolism and biosynthesis — mitochondria densely populate hepatic cells
and are the location for hepatic metabolism of carbohydrates, lipids and proteins (Degli

Esposti et al., 2012).

In addition to the GO ontologies, over-representation analysis was also carried out by making
a comparison with known gene expression in human tissues as provided by the human gene
atlas (Figure 5.26). From these bar charts it is clear that the genes upregulated in 3D are
highly liver specific due to the most significant over-representation in 3D HepG2 cells being
in the human liver, with lymphoblasts and foetal liver being the next best matches (though
the significance drops markedly after human liver). The 2D HepG2 cells however show a wide
range of tissues in the significantly over-represented genes, with CD33+ myeloid tissue being
the most significant, followed closely by colorectal adenocarcinoma and smooth muscle. This
serves to demonstrate the wide-ranging enrichment occurring in 2D culture compared to the
very liver specific enriched genes in 3D priming cultures and further reinforces the hypothesis

that 3D cell culture is inherently more physiological.
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Over Representation Analysis — tissue comparison

2D upregulated
(human gene atlas)

3D upregulated
(human gene atlas)
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Figure 5.26: Upregulated genes in 3D primed cells match gene expression in liver tissue.

Over representation analysis using a set of genes significantly (P adjusted value <0.05)
upregulated by over 1.2-fold in either 2D HepG2 cells (top) or 3D primed HepG2 cells (bottom)
in the EnrichR online software to calculate similarity to known expression in human tissue as
provided by human gene atlas. Length and lightness in colour of the bars indicates
significance of that selected category (grey would indicate no significance, FDR >0.05). Gene

data from samples represents N= 4
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5.4.8 Gene set enrichment analysis shows significant enrichment in metabolic and

biosynthetic processes in 3D primed HepG2 cells.

Moving on from ORA, gene set enrichment was used to create an un-biased analysis of the
sequencing data due to no user selected fold change cut-off level in the data, with only a
significance cut-off applied of P adjusted <0.05. This was able to take into account all the
genes that were significantly differentially expressed between 2D and 3D grown HepG2 cells
and revealed which ontologies were enriched in either culture model. Firstly, the GO
enriched biological processes were analysed (Figure 5.27). This data showed an astounding
pattern of metabolic enrichment in the 3D primed HepG2 cells, with many of the top 20
enriched GO terms being metabolic processes often specific to the liver, including steroid
metabolism, fatty acid metabolism, amino acid metabolism, antibiotic metabolism. In
addition to the vast and broad metabolic enrichment, mitochondrial gene expression is
enriched, further demonstrating enhanced hepatic capacity as this is metabolic centre within
the hepatocytes. Organic acid transport and extracellular regulation of signal transduction
are also enriched in 3D primed HepG2 cells interestingly, contrasting to the over-
representation of ‘regulation of signal transduction’ in the 2D HepG2 cells in the ORA. With
terms describing enriched regulation there is sometimes a degree of ambiguity as to which
direction the regulation is in, so it is possible that 3D and 2D cultures are regulated in

opposite manners regarding signal transduction regulation.

The enriched processes in 2D HepG2 cells reveal a broad range of functions that are altered
in monolayer cultures. There is however a repeating theme of enrichment in
mechanotransduction-linked processes; response to mechanical stimulus, positive
regulation of cell motility, cell-cell fusion, tissue migration cell junction organisation,
actomyosin structure organisation are all enriched in 2D which is incredibly revealing about
the mechanical changes taking place. The enrichment in these very structural and mechanical
processes and the complete absence of any hepatic related enrichment in 2D shows how a
non-physiological form of mechanotransduction is occurring. The inference here is that cells
cultured in 3D are in their natural structural state where hepatic function is at peak activity,
whereas in 2D, the cells are significantly structurally altered, with these mechanical changes
negatively affecting hepatic function. Additionally, a number of the enriched terms in 2D
suggest a more proliferative and potentially mesenchymal phenotype in these cells too, with
angiogenesis being the most enriched term, alongside motility related terms, hinting at this

mesenchymal phenotype that is less differentiated than the 3D equivalent. The other
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enriched terms in 2D highlight how wide ranging the transcriptomic changes are, with
epidermis development, muscle system processes and photoreceptor cell differentiation
being some unusual terms of enrichment. These point to the wider picture however of
unpredictable and non-physiological changes occurring in 2D which could also further
indicate a more cancerous and less differentiated phenotype, whereas the changes in 3D are
a lot more specific and focussed on hepatic function. The normalised enrichment scores here
also indicate that this enrichment is considerably strong in either direction, meaning that

these changes should have a significant impact on the biology of the cells.

Enrichment was also analysed using the GO molecular function category, which provides a
more biochemical overview of the changes occurring (Figure 5.28). Again, in 3D primed
HepG2 cells, the significant enrichment was primarily in metabolic functions, with
oxidoreductase activity, transferase activity and steroid dehydrogenase activity being
amongst the most enriched terms. In 2D HepG2 cells, a significant number of the enriched
terms were in reactions involved in adhesion or actin binding, which further provides

evidence as to the altered mechanical state of 2D cells.

Pathway based GSEA was then carried out to provide an even more contextual analytical
approach. Through connecting to online pathway databases with known gene associations
such as Reactome, GSEA can highlight which cellular pathways are enriched based on the
gene expression within the user’s sample. The first round of pathway analysis (Figure 5.29)
was performed using the KEGG pathway database (Kanehisa and Goto, 2000) which contains
a large list of metabolic pathways in addition to cellular processes, genetic information
processing and more. The results from this pathway analysis show that — similar to the
biological process enrichment — a large number of metabolic pathways are enriched in the
3D primed HepG2 cells, alongside a number of biosynthetic pathways. Many of these
enriched pathways in 3D are integral to hepatic function; steroid hormone biosynthesis, fatty
acid metabolism, drug metabolism, primary bile acid biosynthesis, metabolism of xenobiotics
by cytochrome P450 are some of these crucial pathways. The strong specificity of the
metabolic enrichment in 3D makes it clear that the unique substrate geometry is promoting
a more hepatic phenotype, with 3D primed HepG2 cells being significantly more functionally

competent than the 2D HepG2 cells.
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Gene set enrichment analysis — gene ontology
biological processes.
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Figure 5.27: Gene set enrichment analysis shows enhanced metabolism and biosynthesis

in 3D primed HepG2 cells and enhanced mechanical processes in 2D HepG2 cells.

Gene set enrichment analysis using a full set of significantly (P adjusted value <0.05)
differentially expressed genes between 2D and 3D primed HepG2 cells, with log 2-fold change
values provided. WebGestalt online software was used to calculate non-redundant enriched
biological  processes using gene ontology annotation downloaded  from

www.geneontology.org. Length of bars indicates normalised enrichment score, less intense

colour would indicate non-significant results with an FDR value of less than 0.05. Gene data

from samples represents N= 4
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Gene set enrichment analysis — gene ontology
molecular function.
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Figure 5.28: Gene set enrichment analysis shows that 2D HepG2 cells exhibit enriched

structural properites in molecular function.

Gene set enrichment analysis using a full set of significantly (P adjusted value <0.05)
differentially expressed genes between 2D and 3D primed HepG2 cells, with log 2-fold change
values provided. WebGestalt online software was used to calculate non-redundant enriched
molecular  function  using gene  ontology annotation downloaded  from

www.geneontology.org. Length of bars indicates normalised enrichment score, less intense

colour would indicate non-significant results with an FDR value of less than 0.05. Gene data

from samples represents N= 4
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In contrast to the focussed enrichment of metabolic pathways in 3D, a smaller number of
pathways are enriched in 2D. Some of these pathways are expected areas of enrichment,
such as focal adhesion and ECM-receptor interaction, being related to the structural
differences in 2D. However, the enriched pathways in 2D are seemingly a lot more random
than those in 3D, with malaria, cardiac muscle contraction and legionellosis being some
particularly wide-ranging areas of enrichment. MAPK signalling pathway and the HIF-1
signalling pathway are upregulated too, and these are both implicated in tumour progression
and cell proliferation (Goda et al., 2003, p. 1; Zhang and Liu, 2002b). Alongside the
enrichment in microRNAs in cancer, this suggests a more cancerous phenotype in 2D, which
fits with previous observations of higher proliferation rates and less epithelial like
morphology in monolayer culture. The lower number, and less focussed set of enriched
pathways in 2D HepG2 cells compared to the clear functional enrichment in 3D HepG2 cells
is testament to the power of mechanotransduction in universally enhancing the tissue
specific function of a cell line that is grown in conditions that more closely resemble the in

vivo microenvironment.

The second round of pathway analysis was performed using Wikipathways (Slenter et al.,
2018) (Figure 5.30). With the gene expression data compared to the pathways, there is yet
again a very similar range of pathways upregulated in 3D primed HepG2 cells, with the focus
resting heavily on metabolism and biosynthesis. Cholesterol metabolism and biosynthesis
are strongly enriched (normalised enrichment scores of between 2.5 and 3.0) in 3D primed
HepG2 cells; a key function of hepatocytes. These are followed by strong enrichment in a
variety of metabolic pathways including phase | and Il biotransformation, fatty acid
biosynthesis and sulfation biotransformation reaction. PPAR signalling is also enriched, a
pathway involved in lipid metabolism, glucose metabolism and metabolic homeostasis
(Ahmadian et al., 2013), functions that are important to hepatic cells. The blood clotting
cascade is also enriched, and coagulation factors are a key product of hepatocyte synthesis.
Liver X receptors are also enriched in 3D primed HepG2 cells and these are key receptors
involved in liver specific function such as lipid metabolism. These enriched pathways in 3D
show a strong selective enrichment in functions that are specific to or at least play a major
role in the function of hepatocytes, and importantly, this corroborates with the general trend

of enriched pathways as detected with the KEGG database.

269



KEGG pathway database.
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Figure 5.29: GSEA KEGG pathway analysis further demonstrates enrichment in metabolic
and biosynthetic pathways in 3D primed HepG2 cells and enhanced adhesive and

mechanical related pathways in 2D HepG2 cells.

Gene set enrichment pathway analysis using a full set of significantly (P adjusted value <0.05)
differentially expressed genes between 2D and 3D primed HepG2 cells, with log 2-fold change
values provided. WebGestalt online software was used to calculate enriched pathways within
the KEGG pathway database (www.keqqg.jp). Length of bars indicates normalised enrichment
score, less intense colour indicates non-significant results with an FDR value of less than 0.05.

Gene data from samples represents N= 4
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Wiki pathway database.
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Figure 5.30: GSEA Wiki pathway analysis confirms that 3D primed cells have enriched

biosynthetic and metabolic properties.

Gene set enrichment pathway analysis using a full set of significantly (P adjusted value <0.05)
differentially expressed genes between 2D and 3D primed HepG2 cells, with log 2-fold change
values provided. WebGestalt online software was used to calculate enriched pathways within

the Wiki pathway database (www.wikipathway.org). Length of bars indicates normalised

enrichment score, less intense colour indicates non-significant results with an FDR value of

less than 0.05. Gene data from samples represents N=4
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In the 2D HepG2 cells, the enriched pathways as detected by Wikipathways were incredibly
diverse, affecting a wide range of cellular functions. No discernible theme of the enriched
functions was evident in these cells, and similar to the KEGG analysis, there were a lower
number of enriched pathways in 2D with lower normalised enrichment scores. A particularly
notable area of enrichment in the 2D cells was the term ‘hepatitis C and hepatocellular
carcinoma’ which indicates that genes with higher expression in the 2D HepG2 cells were
genes associated with a disease and cancerous phenotype. Focal adhesions are also
enriched, again indicating the structural alterations and larger focal adhesions that are
known to form on stiffer substrates. MAPK signalling is also enriched according to
Wikipathways, with TGF-B receptor signalling too. Under normal conditions, TGF-p can act
as either an inhibitor of proliferation or a promotor of proliferation and tumorigenesis
depending on the cell type and tumour stage. In hepatocellular carcinoma however TGF-
levels have been found to be elevated, and correlates with poor prognosis (Kubiczkova et al.,
2012, p.; Teicher, 2001) indicating the role it may play in the HepG2 cells in promoting
proliferation (which also fits with the higher proliferation seen in prior chapters). An
unexpected pathway that is enriched in 2D HepG2 cells is glycolysis and gluconeogenesis
which is a function that hepatocytes perform, presenting a possible exception to the overall
trend of enhanced hepatic function in 3D, with a case of enriched function in 2D HepG2 cells
instead. It is to be expected that there are cases that do not fit the overall trend, and there

is still a considerably strong case here pointing towards functional enrichment in 3D.

The final pathway database analysed was the Reactome database (Fabregat et al., 2017),
which provides a wide range of cellular pathways including classical intermediary
metabolism, signalling, transcriptional regulation and apoptosis (Figure 5.31). Here, there is
high concordance with the previous two pathway databases in that 3D primed HepG2 cells
show enrichment in a range of liver specific metabolic and biosynthetic processes. The
enriched pathways in 3D include cholesterol biosynthesis, metabolism of steroids, phase II-
conjugation of compounds and synthesis of bile acids and bile salts. It appears that Reactome
has picked up enrichment particularly in Phase Il metabolic pathways, with glutathione
conjugation also enriched, and as seen in the individual gene expression data, phase Il
enzymes were clearly upregulated in 3D primed HepG2 cells as a general trend. The focus
still remains on enhanced hepatic function with the Reactome enrichment in the 3D HepG2
cells, whereas the 2D cells show enrichment in pathways that are non-specific to
hepatocytes. As with the other two pathway databases, the 2D cells have a lower number of

significantly enriched pathways indicating a more disparate cohort of genes being
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upregulated in 2D that affect a wider range of functions with less of a biologically meaningful
basis. Of the pathways that are enriched, keratinization, collagen formation and muscle
contraction are some of the more surprising areas, with this large spread of functions
pointing towards the less differentiated phenotype of HepG2 cells in 2D. RAF-independent
MAPK1/3 activation is enriched, showing a similar pattern with the other pathway databases,
and enriched extracellular matrix organisation points towards the increased cell-substrate
interactions occurring on a 2D planar substrate. As with Wikipathways, glycolysis is detected
as an enriched pathway in the 2D cells with Reactome, further consolidating that this

particular metabolic function is increased in monolayers.

Considering the data from the three combined pathway databases, there is a very high
consistency in which pathways are enriched in the 3D primed HepG2 cells, all being metabolic
and biosynthetic functions that are pertinent to the physiological functioning of hepatocytes.
In 2D HepG2 cells however, there is a broader range of pathways that are enriched, with a
number of these being involved in proliferation and ECM interactions. The disparity between
the enrichment in 2D and 3D reveals the nature of mechanotransduction driving the 2D cells
further away from a physiological phenotype and creating a more proliferative and
potentially less differentiated cell population. In 3D cells, the mechanical microenvironment
is closer to that of in vivo hepatocytes, which therefore results in a functional profile closer

to that of the hepatocytes.

To demonstrate the wide-ranging enrichment in 2D HepG2 cells and the much more focussed
enrichment in 3D primed HepG2 cells, a Voronoi diagram was created from the Reactome
website (Figure 5.32). This diagram was created through using a specific form of GSEA
available in Reactome called CAMERA which accounts for inter-gene correlation (Wu and
Smyth, 2012). After running this analysis, all enriched pathways according to Reactome were
listed, with significant enrichment in 3D (FDR value of <0.05) overlaid as bright yellow
colouring, and significant enrichment in 2D (FDR value of <0.05) as dark blue. Less intense
colouring indicated enrichment with an FDR value of over 0.05. The Voronoi tessellation
provides a high-level overview of biological pathways by providing visual representation of
all pathway groupings in the database, with overlaid enrichment data. As is very clear from
the diagram creating with this data, there is a smaller range of upregulated pathways in 3D

primed HepG2 cells, with most areas of significant enrichment lying within the parent
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Figure 5.31: GSEA Reactome pathway analysis highlights wide ranging enriched processes
in 2D HepG2 cells, but still shows enrichment in metabolic and biosynthetic pathways in

3D primed HepG2 cells.

Gene set enrichment pathway analysis using a full set of significantly (P adjusted value <0.05)
differentially expressed genes between 2D and 3D primed HepG2 cells, with log 2-fold change
values provided. WebGestalt online software was used to calculate enriched pathways within

the Reactome pathway database (www.reactome.org). Length of bars indicates normalised

enrichment score, less intense colour indicates non-significant results with an FDR value of

less than 0.05. Gene data from samples represents N=4
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category of metabolism. Some wider enrichment occurs in protein localisation and DNA
regulation, as well as some significantly enriched pathways in areas under metabolism of
RNA and metabolism of proteins, but the categorical grouping of enrichment clearly lies

within metabolic functions with 3D primed HepG2 cells.

Conversely, the 2D grown HepG2 cells show evidence of significant enrichment in ‘parent’
categories of ECM organisation, cell-cell communication and circadian clock. The former two
of these highlights the upregulation occurring in many structurally related genes in 2D
culture. Elsewhere, however, the 2D HepG2 cells have wide-spread enrichment in many
specific pathways across the Voronoi tessellation, with no particular theme that is
identifiable. Signal transduction does have a high number of enriched pathways in for 2D,
though a lot of these are non-significant according to the FDR value. A particularly high
number of enriched pathways in 2D appears to be present in signal transduction, and when
combined with the specific enrichment in 3D, this shows that while signal transduction
increases as a result of monolayer culture, this is not functionally beneficial to the cells and
in fact may play a role in facilitating the less differentiated phenotype seen in the 2D HepG2
cells. This also provides a comprehensive overview of the depth and breadth available to
researchers when using transcriptomic techniques. Without using an approach that analysed
global gene expression, many of these patterns would not have been picked up, and user
bias (through selecting only genes that one wants to investigate) is much more of a risk. The
CAMERA method is even less prone to bias than the GSEA approach used on WebGestalt, as
for CAMERA, the user inputs the whole gene list with normalised expression values for each
without even filtering for significance, meaning no user cut-off is supplied at all. This means
a completely unbiased data set is submitted to the software, so all results in the Voronoi
tessellation are a complete and whole depiction of what changes are occurring in the HepG2

cells between 2D and 3D culture substrates.

To further demonstrate the merit of pathway analysis and the close association of
upregulated genes with the most enriched categories, the most enriched pathway in 2D and
3D primed HepG2 cells as calculated by CAMERA on Reactome were visualised with the gene
expression data overlayed. In 2D HepG2 cells, the most enriched pathway was that of cell-
junction organisation (Figure 5.33). The diagram here shows the complete pathways feeding
into cell-cell junction organisation (which is highlighted with a blue box), and the associated
genes or gene groups in boxes with colour coding indicating either significant (FDR value of

<0.05) upregulation in 3D (dark orange/red), significant (FDR value of <0.05) upregulation in
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2D (dark green) or non-significant (FDR value of >0.05) upregulation with the lighter colours.
It is very evident that the vast majority of genes involved in cell-cell junction organisation are
upregulated in 2D HepG2 cells, with a large proportion of those being significant. This
provides a visual demonstration of how significantly enriched pathways are detected,
through correlating a known set of interacting genes with an almost unanimous upregulation
in one of the compared conditions. This upregulation in junction organisation may be
because the contact points are more localised in 2D, meaning that there is a distinctive
upregulation of structural genes to concentrate junctions at those points. It may also be due
to outside in signalling, with increased stress on actin networks meaning a recruitment of
more junctional complexes between cells (Ladoux et al., 2010). Regardless, this indicates a
significant structural alteration occurring in the 2D cells that will evidently influence the
signal transduction through altered cytoskeleton mechanics and is leading to a less

physiologically relevant culture model than in 3D.

In the 3D primed HepG2 cells, the most enriched pathway according to CAMERA on
Reactome was cholesterol biosynthesis (Figure 5.34). It is very apparent that the genes
implicated in this pathway — and those that feed into the pathway — are strongly upregulated
in 3D culture of HepG2 cells, with all gene groupings within the cholesterol biosynthesis
section having a dark orange colouring showing significant upregulation. This consistent
pattern indicates that 3D culture is a strong driver in enhancing hepatic function, and while
some pathways may have a less united upregulation of genes, the fact that in this hepatic
pathway, nearly all genes involved in the liver specific function of cholesterol biosynthesis
are upregulated shows the directed and targeted functional changes that can occur simply

from changing the mechanical properties of the cell culture substrate.
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Figure 5.32: The range of enrichment in 2D HepG2 cells is much wider ranging than the enrichment in 3D primed HepG2 cells.

Voronoi treemap generated from Correlation Adjusted Mean Rank gene set test (CAMERA) analysis using Reactome online software. Complete normalised
expression data from each repeat of 2D and 3D primed HepG2 cells were put into the analysis, with the returned data showing areas of significant enrichment.
Bright yellow and dark blue indicates significant enrichment in 3D primed and 2D HepG2 cells respectively, whereas less intense colouring indicates less

significant enrichment that has an FDR value of 20.05. Gene data from samples represents N=4
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Cell-cell junction organisation

Figure 5.33: Cell junction organisation is the most significantly enriched pathway in 2D HepG2 cells on reactome.

Reactome pathway showing cell junction organisation (blue box) and interacting genes overlayed with expression data generated from Correlation Adjusted
Mean Rank gene set test (CAMERA) analysis using Reactome online software. Complete normalised expression data from each repeat of 2D and 3D primed
HepG2 cells were put into the analysis, with the returned data showing areas of significant enrichment. Dark red and dark green indicates significant
enrichment in the selected gene groups (boxes on pathway) in 3D primed and 2D HepG2 cells respectively, whereas less intense colouring indicates less

significant enrichment that has an FDR value of over 0.05. Gene data from samples represents N=4
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Figure 5.34: Cholesterol biosynthesis is the most significantly enriched pathway in 3D

primed HepG2 cells on reactome.

Reactome pathway showing cholesterol biosynthesis (blue box) and interacting genes
overlayed with expression data generated from Correlation Adjusted Mean Rank gene set
test (CAMERA) analysis using Reactome online software. Complete normalised expression
data from each repeat of 2D and 3D primed HepG2 cells were put into the analysis, with the
returned data showing areas of significant enrichment. Dark red and dark green indicates
significant enrichment in the selected gene groups (boxes on pathway) in 3D primed and 2D
HepG2 cells respectively, whereas less intense colouring indicates less significant enrichment

that has an FDR value of over 0.05. Gene data from samples represents N=4
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5.4.9 RT gPCR validation proves that the results are accurate and reproducible.

To validate the RNAseq data, RTqPCR was performed on a selected set of 13 genes. The genes
were chosen based on both their specific functions and the significant differential expression
that they exhibited in RNAseq between 2D and 3D primed HepG2 cells. The genes chosen
either fell under structural/mechanotransduction related function= SUN1, SUN2, VASP, ZYX,
TGB1, CDH2; or liver specific function= HAMP, SERPINC1, FGG, CLDN1, ALB, SULT1A1, GSTA1.
After running the gPCR on pre-optimised primers (KiCqStart® SYBR® Green Primers) for these
genes, results were analysed using the AACt method and relative fold changes of 3D vs 2D
were generated. Statistical significance was then calculated and the results compared to

those from the RNAseq experiments.

The results of the RTgPCR (Figure 5.35) show a strong correlation with the sequencing data
in terms of directional fold change. All of the RTqPCR results were significant apart from that
of CDH2, and they all changed expression levels in the same direction as the genes in the
RNAseq did. The exact magnitudes of fold change did sometimes vary between the two
techniques, however a number of the changes were very similar in the fold-changes such as
SUN1, HAMP, FGG and ALB. In general, the genes that exhibited a large fold-change in
RNAseq also showed a similarly large difference in the RTgPCR, and likewise, those that
changed only a small amount in sequencing were also less differential in the RTgPCR.
Importantly, the close correlation between the two orthogonal techniques is indicative of
two key things; firstly, this provides a strong case that the RNAseq results were accurate and
valid, justifying the conclusions drawn from the changes in gene expression, the ORA and the
GSEA. The second point is that this indicates a fundamentally robust and reproducible quality
within the priming model; with completely distinct experimental techniques performed on
completely separately prepared samples still able to show similar changes in genes of
interest. Therefore, the sequencing data can be considered reliable, showing that the
priming model is able to produce consistent and reproducible changes in the gene expression

within the HepG2 cells which have a significant effect on hepatic functions.
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RTgPCR validation

£ RNAseq
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Fold change (3D vs 2D)

Figure 5.35: RT-qPCR analysis shows a high degree of reproducibility in the RNAseq results,

and demonstrates that 3D priming is a robust technique.

RT-gPCR analysis conducted using KiCqStart® SYBR® Green Primers for selected genes chosen
from the RNAseq data. All genes were chosen based on showing significant (P adjusted value
<0.05) differential expression from the RNAseq data. Cells for the RT-gPCR were grown
completely separately to the models used in the RNAseq but grown in the same conditions;
8 days 3D priming on Alvetex® Strata, or 8 days in a 2D well. Two tailed T-test used to
calculate significance of fold-change in RTqPCR data (shown by stars above bars). Error bars

on PCR results (red bars) =SEM, N=4, n =2,
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5.5 Discussion

5.5.1 HepG2 cells, primary human hepatocytes and human liver formed three very

distinctive populations with their gene expression profiles.

This chapter has provided a thorough investigation of the biological changes occurring at a
transcriptional level as a result of changing culture conditions from 2D to 3D for HepG2 cells.
HepG2 cells were grown in monolayers (2D) or in the priming model using Alvetex® Strata
(3D) for 8 days with both conditions, and these were compared to a healthy human liver
biopsy taken from a middle-aged female and primary human hepatocytes (PHH) cultured for
1 day in a monolayer (data from online). Adding the two comparisons of primary human
hepatocytes and human liver allowed for a deeper investigation into how individual genes of
interest that were differentially expressed between 2D and 3D compared to in vivo tissue

and primary cells.

As was expected, the HepG2 cells from both 2D and 3D were drastically different in their
expression profiles compared to the human liver and primary human hepatocytes. These
differences were evident even before comparative analysis; in the Deseq2 data, there were
just under 8,000 differentially expressed genes between 2D and 3D, but over 12,000
between either HepG2 model compared to the human liver/PHHs. 3D primed HepG2 cells
did have a slightly lower count of significantly differentially expressed cells compared to
human liver than the 2D HepG2 cells, but the 2D cells had a marginally lower count when
compared to the PHHs; this could suggest a slender increase in similarity between 3D HepG2
cells and human liver which were more three-dimensional in nature, and 2D HepG2 cells and
primary human hepatocytes which were both grown as a monolayer. Figure 5.36 shows a
Venn diagram highlighting that over 4,500 genes were commonly differentially expressed
between 2D, 3D and human liver whereas actually only a small set of genes (around 300)
were uniquely differentially expressed in each condition. Despite the numbers, it is the
functions of those genes that makes the differences and similarities meaningful, and to
investigate this more closely, specific gene sets were selected to compare between 2D, 3D,
human liver and PHH. Human liver and primary hepatocytes were also rather dissimilar to
each other, highlighted through comparative measures such as PCA and clustering analysis,
though the within each respective condition, the replicates had a high degree of similarity

which was beneficial in ensuring statistical strength of the differential expression analysis.

282



Shared differentially expressed genes between compared conditions

HLvs3D

Figure 5.36: Venn diagram of differential expression shows a large number of genes are
commonly differentially expressed between 2D and 3D primed HepG2 cells and human

liver.

Made using venndiagram in R; diagram shows differentially expressed genes with a P value

of <0.05 and a fold change of 1.2 or greater. Gene data from samples represents N= 4

The difference between HepG2 cells and human liver / primary hepatocytes in this data
demonstrates the distinctly non-physiological phenotype inherent tof the cell line and draws
attention to the fact these are a cancer cell, and will never truly replicate the biological profile
of primary cells. Despite the vast differences, the data here is still valuable in demonstrating
that the transcriptome can be modulated to present more similarly to human liver when
placed in an environment that more closely mimics in vivo. However, it does serve as a
reminder that other cell lines may be more appropriate to use when a ‘true’ physiological

response is needed for research.
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5.5.2 Metabolic gene expression increased in 3D primed HepG2 cells, though

expression of certain key enzyme genes did not change.

In comparing the expression of important metabolic genes involved in both phase | and
phase Il metabolism of xenobiotics, a clear trend emerged with human liver having the
strongest expression (in general) of the particularly key enzymes, with primary hepatocytes
often displaying a medium level of expression somewhere between human liver and HepG2
cells. With all the genes encoding for enzymes, a search term using either the name or part
of the gene symbol for those enzymes was used to pull out all relevant genes from the
differential expression data for comparison via a heatmap. This means that some of the
selected genes were slightly less involved in key hepatic processes but still fell under the
‘cytochrome P450’ category for example. When looking specifically at many of the key
cytochrome P450 genes primarily responsible for bioactivation and metabolism of many
xenobiotics, there was a notably low level of expression of these in HepG2 cells, both in 2D
and 3D. Human liver expressed these at higher (and of course physiological) levels, and
interestingly, the PHHs also fell short of the expression levels in human liver in a few of the
cases — CYP3A4 and CYP2E1 for example. When inspecting the individual cytochromes
however, it did appear that 3D HepG2 cells exhibited a generally increased expression across
these genes, though statistical power was somewhat impeded due to the very low

expression numbers in some cases.

A collection of different phase Il enzyme sets was also analysed, with a generally similar trend
to the CYP450 enzymes, with a lower overall expression in the HepG2 cells compared to PHHs
and human liver — at least in most of the cases. Despite this, the absolute expression of the
phase Il enzymes was usually higher than a lot of the phase | enzymes, indicating a balance
towards phase Il detoxification in HepG2 cells, similar to what the literature has previously
identified (Westerink and Schoonen, 2007a). The expression data also highlighted the
difficulty in inducing phase | enzyme expression in HepG2 cells (Westerink and Schoonen,
2007b). There were some more prominent exceptions with the phase Il enzymes however,
with the HepG2 cells in some cases actually having higher expression than the human
liver/PHHs for example in some of the less hepatically related SULT and NAT genes. When
expression of these enzymes was significantly altered between 2D and 3D, it was again

usually higher in 3D primed HepG2 cells.

Despite the general trend of upregulation in 3D primed HepG2 cells; isolating the expression

levels of individual metabolic genes proved difficult in determining any concrete conclusions
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about how this would functionally affect the cell lines. A selection of drug toxicity tests was
planned (and was underway during the sequencing experiment) and therefore, to enable a
more specific and tailored approach; the expression levels of transporter and metabolic
genes that were known to be interactors with the planned drugs were analysed and
compared between the 2D and 3D HepG2 cells. In four of the drugs (amiodarone, gemfibrozil,
ibuprofen and isoniazid), there are only a limited number of interacting genes known,
therefore usually one or two of the small number of known metabolic genes were

upregulated in 3D primed HepG2 cells.

For the drugs methotrexate and tamoxifen however, there was a large known set of
interactors, and these revealed a distinctive pattern of increased metabolic gene expression
and solute carrier transporters (SLC) in the 3D HepG2 cells, but a very specific increase in the
ABC transporters in 2D HepG2 cells. This suggests that while the metabolism may be
enhanced in 3D cells — possibly due to the effects of mechanotransduction — the altered
structure of the HepG2 cells in monolayers is facilitating faster formation of ABC
transporters. Despite this, there did not seem to be a specific correlation with either
sinusoidal or canalicular transporters, so it does not necessarily contrast with the
immunofluorescence data from Chapter 4 that indicated an increase in canalicular-like
structures in the 3D priming model with MDR1 (ABCB1). It is certainly possible that while
expression of the ABC transporters was higher in 2D, 3D cells were still more capable of
developing mature canaliculi-like structures as the immunofluorescence data indicates.
Interestingly, other than ABCC2, expression levels in human liver were lower than the 2D
HepG2 cells, so the 2D culture may indeed be forcing ‘unnatural’ formation of these
transporters past a physiological level. Previous studies have shown enhanced transporter
function in 3D cells (Oshikata et al., 2011; Schyschka et al., 2013), and despite the increased
expression in the monolayers, the transporters may still be functionally more adept in 3D.
Considering these expression patterns, it is still predicted that in the drug toxicity tests, the
3D primed HepG2 cells will show a higher capacity for detoxification than 2D, primarily due
to the enhanced expression of metabolic genes and inherent differences in the global

structure and cell organisation of 3D culture models.

5.5.3 Monolayer culture on a stiff substrate results in higher expression of focal

adhesion related genes.

2D HepG2 cells have a substantially higher surface area in contact with the culture substrate

than cells grown on a porous scaffold such as in the priming model. It is known that culturing
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cells on stiffer substrates increases the size of focal adhesions (Yeh et al., 2017), and that
phosphorylation of key proteins involved in focal adhesion regulation (FAK, paxillin) increases
on stiffer substrates (Bae et al., 2014), so with all of this considered, it was expected that
expression of integrins would be upregulated in 2D to reflect this, which would further
confirm the mechanically sensitive nature of focal adhesions. Indeed, this was the case, with
most integrins showing increased expression in 2D HepG2 cells. This increased expression in
2D was further removed from the relatively low expression levels of most integrin subtypes

in human liver, though was interestingly closer to the expression levels in the 2D PHH cells.

This helped clarify the nature of integrins in vivo, through the revelation that expression is
relatively low. This is possibly due to the unique ECM properties in the liver, with no
basement membrane present in the liver lobules and an attenuated ECM consisting mainly
fibronectin and only limited collagen (Martinez-Hernandez and Amenta, 1993). Therefore, it
is likely that the differences in expression between 2D and 3D HepG2 cells are likely a
representation of the more physiological microenvironment in the 3D priming model, where
there is less of a substrate to adhere to and form focal adhesions with. Furthermore,
increased integrin expression in the 2D HepG2 cells may be indicative of a more fibrotic
phenotype, with increased expression of certain integrin subtypes being observable in
various in vivo liver injury studies — a,Bs for example is upregulated markedly in mouse
models of biliary atresia (Nadler et al., 2009; Patsenker and Stickel, 2011). The increase in
expression of integrin chains B1, ai, as, and as was found in patients with chronic hepatitis C,
and were correlated with inflammation and fibrosis progression (Nejjari et al., 2001;
Patsenker and Stickel, 2011), and the genes for these four chains were all upregulated in 2D
HepG2 cells. This suggests not only a less physiological, but a less ‘healthy’ phenotype

present too in 2D, with 3D culture able to rescue cells from this phenotype to an extent.

When investigating the junctional genes, both the cadherins and claudins, representing
adherens junctions and tight junctions respectively, showed a mixed pattern of differential
expression between the 2D and 3D primed HepG2 cells. One of the key cadherins in the liver
— E-cadherin (CDH1) did not change in expression levels, whereas N-cadherin (CDH2) was
slightly upregulated in 2D. Additionally, the balance is tipped towards stronger N-cadherin
expression over E-cadherin in both HepG2 models, whereas in human liver, the balance is
very clearly in the other direction. This does suggest that the HepG2 cells, and perhaps the
2D HepG2 cells in particular are adopting a more mesenchymal phenotype, with N-cadherin

expression typically associated with cells that have undergone EMT (Fontana et al., 2019).
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Although human liver and PHHs exhibited stronger expression of E-cadherin, with many of
the proto-cadherins (PCDH), expression levels were elevated in the HepG2 cells when
compared to the primary cell sources. Protocadherins are typically associated with a
developing verterbrate nervous system (Weiner and Jontes, 2013), and the fact these are
expressed at a higher level in HepG2 cells highlights their physiologically aberrant phenotype.
In addition to the cadherin genes, the genes encoding for the claudin proteins associated
with tight junctions were also upregulated in 2D in some cases and 3D in others. Importantly
though, claudin 1 which is very highly expressed in human liver was higher in expression in
3D primed HepG2 cells, though still at a far lower level than in human liver and PHHs. This
does fit with the expression patterns of claudin 1 seen in the immunofluorescence data in
chapter 4, where there was clear upregulation and better organisation in 3D primed HepG2

cells.

Considering the overall structures of these models, it may be expected that 3D primed cells
would be able to form more cell-to-cell junctions based on the higher number of physical
contacts occurring in the 3D primed HepG2 models. As the SEM images in chapter 4 showed,
the HepG2 cells were very densely packed on 3D culture, whereas on 2D culture, even if fully
confluent there is only a limited number of connections the cells can make. There are a few
considerations to make here; firstly, when looking at the immunofluorescence data in
chapter 2, N-cadherin appeared more intense in 3D primed HepG2 cells over 2D cells, as did
E-cadherin (albeit with seemingly lower expression than N-cadherin); while this potentially
indicates the inverse of what was seen in the gene expression data, it is not necessarily the
case. Firstly, as discussed in the introduction, gene expression does not necessarily have a
linear relationship with protein expression, and secondly, while the genes for N-cadherin
may be upregulated in 2D, it may be that the junctions are not correctly forming in the 2D
cells and are more functional in the 3D primed HepG2 cells. Furthermore, the 3D cells may
have stained more intensely as there is more potential overlap of cells in the sections made
from the 3D models, whereas only one plane of view for the monolayer images. Based on
the literature though, cadherin based junctions appear to more readily form on rigid surfaces
where cells are more spread out (Ladoux et al., 2010), so the increase in N-cadherin does fit
with this observation. In addition, while immunofluorescence staining of these two
junctional markers was more intense in 3D HepG2 cells, the junctional organisation did
appear high in 2D with less heterogenous staining — possibly due to the rigid structure of the
2D cultures where there are very defined points of contact between the cells. This high

organisation does not equate to physiological structure however, as the 3D primed HepG2
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cells were a lot closer to in vivo hepatocytes in morphology. This does explain another reason
behind the increased expression of N-cadherin in 2D, fitting too with the more mesenchymal
phenotype. It is possible that there is a more consistent junction formation in 2D, however
in 3D, junctions are more strongly localised to certain points, which could explain both the

immunofluorescence data and the sequencing results.

5.5.4 Grouping genes by involvement in wider hepatic function and in

mechanotransduction reveals structural enrichment in 2D which pulls cells away

from a functional hepatic model phenotype.

So far, both the structural and functional gene data has revealed the inherent weakness of
looking at gene expression in isolation; despite many papers doing so, it limits the validity of
drawing larger conclusions about the biological changes occurring in the cell — especially
when not coupled with orthologous techniques. It is fine to keep conclusions constrained to
the genes in question — for example saying that expression (and therefore likely activity) of
certain CYP450 enzymes is increased, but from looking at an increase in a small number of
the metabolic genes as individual entities, it would be a large and possibly erroneous
assumption to conclude that ‘hepatic-metabolism’ as a whole has increased. Therefore, to
start more a more holistic analytical view, more bespoke groupings of genes were made.
With this, a heatmap was created of genes heavily implicated in mechanical responses and
mechanotransduction and a separate one made of genes known to be particularly associated

with the liver with the hope of seeing clearer patterns of expression emerging.

This was certainly the case, with the hepatic genes very clearly showing a general trend of
upregulation in 3D primed HepG2 cells, and genes involved in mechanotransduction showing
a very distinctive upregulation in 2D HepG2 cells. The patterns seen here were a lot clearer
than using a general search term for a specific gene category as performed prior, and in this
user curated list of genes, the analytical power was significantly higher, as it provided a very
key insight into how 2D and 3D culture is able to direct the biological behaviour of the cells.
A particularly exciting insight was that nearly all of the upregulated hepatic genes in 3D
primed HepG2 cells brought the expression levels closer to that of the functional human liver,
whereas the increase in expression of the mechanotransduction genes in the 2D HepG2 cells
was often further away from the expression of those genes in human liver. This importantly
indicated that 3D cells had both a more similar expression of the functional and

mechanotransduction genes to the liver, highlighting the correlation between making the
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mechanical microenvironment more closely reflect the native tissue, and the subsequently

more physiological functional properties that arise as a result.

The hepatic genes are important to consider as this was a distinctive collection of genes that
are known to be produced majorly in hepatocytes that were upregulated in 3D primed cells.
Additionally, a heatmap was also made from a distinctive set of genes involved in the urea
cycle, and these were also upregulated in 3D primed HepG2 cells. The fact that these genes
pertaining to the physiological functioning of hepatocytes are upregulated in 3D, yet the
mechanical genes are upregulated in 2D really points to the two directions that the cells can
be pulled towards as a result of altering the culture substrate —a mechanically stressed and
less functional 2D state, and a mechanically settled and more functional state in 3D. Albumin
for example is one of the most common biomarkers used in literature to mark liver function,
and the fact that it is increased significantly in the 3D primed cells is a strong indicator that
hepatic function is enhanced — though as discussed, only a fully contextual analysis of the
genes through ORA and GSEA could provide true validity to that statement. One notable gene
that was very highly upregulated in HepG2 cells over both human liver and primary
hepatocytes was alpha fetoprotein (AFP); a glycoprotein that is produced in early stages of
development but that disappears in normal cells after birth (K. I. Kim et al., 2013). In
hepatocarcinoma cells however, AFP is expressed in around 80 % of cases (Tangkijvanich et
al., 2000), and is now thought to be significantly involved in regulating proliferation and
apoptosis, with AFP knockdown inhibiting cell growth and promoting apoptosis (X. Yang et
al., 2018). Therefore, this is more closely associated with a cancer phenotype than liver
function, and interestingly it shows upregulation in 3D primed HepG2 cells, suggesting a
more apoptosis resistant cell line in 3D. Outside of AFP, all other genes in the hepatic

heatmap point towards liver specific functional enrichment in 3D.

The mechanotransduction genes were selected based on key genes that have a role in
responding to mechanical stimuli, through reorganising cellular junctions, altering the actin
cytoskeleton machinery and changing the structural integrity of the nucleus. The fact that
nearly all of these genes were upregulated in 2D, shows the mechanical stress exerted upon
the cells with the stiffer substrate. The increase in expression of the SUN1 and SUN2 genes
for example may be indicative of a stiffer nuclei (Liu et al., 2019), which is known to be a
result of culturing on stiffer substrates (Alisafaei et al., 2019; Lovett et al., 2013). This backs
up the results seen with the immunofluorescence of sunl and sun2 in Chapter 4, which very

clearly showed increased intensity in staining for these proteins in 2D HepG2 cells. It is known
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that actin networks increase in organisation and in density under tension (Ladoux et al.,
2010; Mueller et al., 2017), and VASP and zyxin recruitment increased at adherens junctions
when under thrombin induced tension (Oldenburg et al., 2015), so the enhanced
transcription of these and similar actin linked genes is very fitting in the 2D HepG2 cells. In
Chapter 4, data showed that inhibiting the nucleation activity of ARP2/3 through use of the
compound CK-666, and inhibiting ROCK1 through Y-27632 could both partially rescue the 2D
cell phenotype to more closely resemble the 3D primed cell shape. As disrupting this
machinery restores the 3D phenotype, this suggests that in 2D cells there is an increase in
activity within this actin cytoskeleton machinery. This too is made clear here with the
increased expression observed in many of the genes responsible for organisation of the actin

cytoskeleton.

The uniform increase of many of these genes involved in various mechanotransduction
related functions may possibly be a direct result of the increased YAP/TAZ expression.
YAP/TAZ is a transcription factor that is very closely implicated in mechanotransduction;
YAP/TAZ is shown to be responsible for promoting transcription of genes involved in ECM
composition, cell-matrix interaction and cytoskeleton integrity (Calvo et al., 2013; Martino
et al., 2018c; Morikawa et al., 2015; Nardone et al., 2017). This correlates strongly with the
upregulation of YAP/TAZ in the 2D cells. Combined with the increased expression of genes
within all of these YAP/TAZ affected categories (ECM composition, cell-matrix interaction
and cytoskeleton integrity), there is a very strong case here that points towards YAP/TAZ
based mechanotransduction occurring. Further to this, the YAP-mTOR axis has also been
closely implicated in the downstream effectors of 3D cellular mechanotransduction. Hepatic
tumour cells grown on cellular scaffolds were compared to monolayers, and in the scaffolds,
there was a downregulation of YAP and pmTOR leading to a slower proliferation rate and
altered cell size and morphology (Frtus et al., 2020). YAP/TAZ is inhibited through contact
inhibition and considering the dense packing of the cells in 3D, this could be one of the
mechanisms leading to the lower levels of YAP/TAZ in 3D primed cells, with increased
YAP/TAZ activity possibly providing one of the mechanisms through which the HepG2 cells
growing in 2D are more proliferative. Further bolstering the data is the fact that 2D cells
exhibited altered cytoskeletal and nuclear shape even after liberation (Chapter 4). Nuclear
stretching due to stiff substrates has been demonstrated as a mechanism through which
increased YAP nuclear translocation can occur due to reduced mechanical resistance in the

nuclear pores (Elosegui-Artola et al., 2017), which elegantly fits with the overall observations
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of increased expression of YAP/TAZ in the 2D HepG2 cells alongside the other

mechanotransduction genes.

5.5.5 Enrichment analysis further consolidates the hepatic functional enrichment

observed in 3D primed HepG2 cells.

While the examination of expression levels of genes within a common functional category
(hepatic function or mechanotransduction) yielded a very clear change in the biological
properties of the HepG2 cells, it still did not provide a statistical measure to indicate the
strength of that change. For this reason, enrichment analysis either through over-
representation analysis or gene set enrichment analysis filled a key gap in the data by
calculating the significance of over-represented or enriched ontologies. This analytical
method was very important due to its use of a standardised and unbiased annotation of
genes when using GO or pathway databases, meaning that it was not just looking for
upregulation of genes in a list of known hepatic genes (for example) that the user had picked

out.

The over representation analysis used a list of genes significantly upregulated by over 1.2-
fold in either 2D or 3D HepG2 cells, and the results were very revealing as to the
overrepresentation of biological processes related to hepatic function in 3D primed HepG2
cells. These over-represented categories in 3D lay primarily in biosynthesis and metabolism
of cholesterol, sterols and secondary alcohols as well as in mitochondrial activity. These
categories — particularly cholesterol metabolism and biosynthesis — are essential to hepatic
function, with cholesterol being produced in the endoplasmic reticulum of hepatic cells in
the liver. Initial steps of cholesterol biosynthesis start with Acetyl-CoA which is primarily
produced through an oxidation reaction in the mitochondria (an enriched cellular
component in 3D), with the rate of formation being highly sensitive on changes in activity
and levels of 3-hydroxy-3-methylglutaryl CoA reductase (HMG CoA reductase) (Berg et al.,
2002; “Cholesterol Biosynthesis,” n.d.). Through showing over-representation in a category
such as this, the EnrichR software has determined that a higher number of genes than
expected within this functional category are present in the 3D primed upregulated gene list,
and that this is not down to random chance, providing a strong case that these expression

changes are the result of genuine biological alterations.

Conversely, in 2D, the top over-represented categories were primarily involved in

transcriptional regulation which is interesting when considering the upregulation of the
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mechano-sensitive genes, particularly YAP/TAZ which have a profound impact on
transcription. As also discussed in the literature review, changes in the structural
conformations in the chromosomes result in restriction or easing of access of the
transcriptional machinery to the genes, with increased mechanical stress (such as on a 2D
stiff substrate) resulting in open chromatin conformations with increased transcription (Heo
et al., 2016b). This altered transcriptional response is consistent with both the literature and
the known sustained morphological effects of culturing the HepG2 cells on 2D as opposed to
3D. When considering the increased hepatic function in 3D, this over-representation in
transcriptional regulation in 2D suggests that this is promoting the transcription of genes
involved associated in mechanical responses and/or suppressing the transcription of hepatic
genes when HepG2 cells. Either way, it reveals the profound effect that simply altering
mechanical substrate properties holds over the biology of in vitro models. Another
noteworthy observation is that when looking at over-representation of genes associated
with specific cellular components, the 3D upregulated genes are very significantly over-
represented in the mitochondria — the metabolic powerhouses of the cell, and in 2D HepG2
cells, it is in focal adhesions and the cytoskeleton providing a very clear indication that these

are primarily mechanically associated genes upregulated in 2D.

Gene set enrichment analysis was also performed using a full set of significant genes with no
fold-change cut-off, and this indicated that very similar biological processes were enriched
in the 3D HepG2 cells as was found in the ORA. When looking at the GO biological processes,
and the three pathway databases (KEGG, WikiPathways, Reactome), a very consistent
pattern of enrichment in metabolic and biosynthetic pathways in 3D was evident. These
enriched categories covered a set of pathways/processes which were nearly all closely
associated with the functional processes of hepatocytes, including cholesterol biosynthesis,
fatty acid metabolism, steroid metabolism and many more. One could dissect these
categories and associated genes to a very detailed level, however for the purposes of this
project, the results are astoundingly clear; across all forms of analysis, 3D priming HepG2
cells enhances hepatic function through significantly upregulated gene expression in many
relevant pathways. Normalised enrichment scores were considerably high across the top
enriched categories in 3D primed HepG2 cells which indicates that the biological effects of
this enrichment should be reasonably potent. A particularly key set of categories that were
enriched according to the KEGG, WikiPathway and Reactome databases respectively were
‘drug metabolism’, ‘metapathway biostransformation phase | and phase II’, and ‘phase Il

metabolism’. These categories are all closely linked to detoxification, biotransformation and
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metabolism of xenobiotics, and due to the importance of drug toxicity tests in liver research,
it is especially encouraging to see enrichment in these and other similar categories, indicating
a significantly more metabolically competent in vitro model when cells are primed in 3D. The
strength of enrichment and clear patterns of 3D functional enhancement make a clear
rationale for using functional testing and validation to fully demonstrate how the core

biology of the cells is changing, and this will be pursued in the subsequent chapter.

Another very clear pattern that emerged through the GSEA was the incredibly diverse array
of processes and categories enriched in the 2D HepG2 cells, which while much broader in
functional groupings, were actually less numerous in terms of the categories detected as
significant. The categories enriched in 2D ranged from understandable enrichment in
processes and pathways such as proliferation, focal adhesions and ECM-receptor interaction,
to surprising categories such as hair follicle development, muscle contraction and even
malaria. It is likely that the enrichment in these unusual areas is primarily a result of the
absence of the focussed phenotypical development that occurs with 3D priming. In 3D,
enrichment is clearly focussed on hepatic function which leaves a more diverse set of non-
tissue specific genes upregulated in 2D that apply to a range of non-hepatic processes and
may be more an artefact of the 2D culture than the cell type itself. One of the pathways
identified as enriched in 2D by Wikipathways was ‘hepatitis C and hepatocellular carcinoma’,
which aligns with the observed upregulation of many integrin subtypes which are
upregulated in hepatitis C (Nejjari et al., 2001). This also indicates the more carcinogenic and
fibrotic phenotype present in 2D HepG2 cells. Another enriched pathway in 2D that was
commonly identified in multiple databases was MAPK signalling which is implicated closely
in cancer and proliferation, and this is consistent with the higher proliferation rates seen with
the 2D HepG2 cells in prior chapters. TGF-beta receptor signalling is also enriched in 2D
HepG2 cells, and interestingly both MAPK and TGF-beta signalling have a synergistic effect in
promoting epithelial-mesenchymal transition (EMT) (Gui et al., 2012). Therefore, with prior
observations on growth and behaviour in conjunction with the pathways upregulated in 2D
alongside the enhanced function in 3D, it points towards 2D cells possessing a more

mesenchymal and less differentiated phenotype in 2D.

One more pathway of interest that was enriched in the 2D cells was glycolysis and
gluconeogenesis. While this may appear to indicate some form of enhanced hepatic function
in 2D, it may in-fact be very much due to the change in the global organisation of cells.

Increased glycolysis is a known phenomenon in 2D cells when compared to 3D spheroids,
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with strong downregulation in 3D potentially being due to the slower proliferation and more
hypoxic environment in spheroids, causing a shift away from aerobic glycolysis (Lagies et al.,

2020, p. 0).

Further to the in-depth pathway and GO based GSEA, using the CAMERA GSEA method
within Reactome also very elegantly highlighted the overall situation with these cells. The
Voronoi tessellation demonstrates nicely the highly focussed enrichment in the 3D primed
HepG2 cells, with categories primarily residing in metabolism. In the 2D cells, however, the
enrichment was spread across a wide variety of areas; including categories involved with
mechanotransduction processes such as cell-cell communication, signal transduction and
ECM organisation. When overlaying gene expression data on the top enriched Reactome
pathways in 2D and 3D — cell junction organisation and cholesterol biosynthesis respectively
— there is a very clear, nearly uniform upregulation of all genes involved in those pathways.
This shows how strong the biological effects of mechanotransduction are, and highlights how
broad the epigenetic plasticity is of HepG2 cells just from altering external mechanical

properties.

Without appropriate validation, sequencing data loses a degree of impact due to the
potential for technical errors, and processing issues that could lead to systemic changes in
the results applied across the full set of involved samples. Therefore, using a separate,
orthogonal technique such as RTgPCR provides a method through which one can test for the
same changes, and the same end results, but using a different methodology to get there. The
genes selected for RTqPCR were carefully selected to represent key areas of upregulation in
2D and 3D, with a focus primarily on mechanical/structural genes that were overexpressed
in 2D and hepatic/functional genes that were overexpressed in 3D primed cells. The results
showed a very distinctive correlation with the sequencing data, and while the exact fold-
change may have varied across certain genes, the direction of change was always in the right
direction, with the general magnitude usually being similar too. This was really key to
demonstrate, as it proved that the fundamental and wide-ranging biological effects of
priming as demonstrated by RNAseq were robust and reproducible, with important genes of
interest showing the same patterns. This indicated that the sequencing data was valid and
powerful in pointing towards meaningful biological change. While important in of itself, the
conclusions revealed here could further be strengthened by functional validation through
drug tests to test for metabolic changes, western blotting to test for protein level changes

and assays to detect the presence of important liver-specific biomarkers such as albumin.
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Therefore, the next chapter focusses on functionally characterising the in vitro models study
the end stage biological consequences of 3D priming. A further indication that the results of
this study are valid comes from the similar expression profiles as found in the paper
comparing monolayer vs spheroid gene expression in HepG2 cells by microarray analysis
(Chang and Hughes-Fulford, 2009). This study found that genes relating to liver specific
function were upregulated in the rotating wall vessel spheroids over monolayers, with ECM
and cytoskeletal related genes upregulated in the monolayers, which is closely consistent
with this project. The advantages of this thesis are that it provides a significantly more in-

depth look at the functional and structural changes than any previous paper.

5.5.6 The significance of the altered transcriptome in 3D primed cells further

validates the priming approach as a beneficial technique to prepare cells for a final

3D model.

A small number of papers have demonstrated that through priming cells on mechanically
altered substrate, a mechanical memory is imbued that results in retained historical
characteristics after liberation. A particular focus of these studies is the role that YAP/TAZ
has in controlling this storage of mechanical information. In human mesenchymal stem cells
(hMSCs) for example, it was hypothesised that YAP/TAZ acts as a mechanical sensor of sorts
that, after a threshold of mechanical dosing is passed, is constitutively activated even after
the mechanical dose is removed (C. Yang et al., 2014). Through persistent activation in the
nucleus, YAP was able to influence stem cell fate, with mechanically dosed hMSCs favouring
osteogenesis when placed on soft matrices, which usually favours adipogenesis. The primary
message here was that persistent and prolonged exposure to YAP activating culture

conditions (stiffer substrates) switches on the irreversible activation of YAP.

A different study showed similar effects with epithelial cells, demonstrating memory-
dependent and stiffness-sensitive migration through retained nuclear YAP after priming on
a stiff matrix, even when moved onto softer secondary matrices (Nasrollahi et al., 2017).
Stiffer priming predicted a higher nuclear YAP localisation, and depletion of YAP drastically
reduced the ‘mechanical memory’ ability, meaning that cell migration was no longer
dependent on historic mechanical matrix properties. The same patterns of mechanical
memory were also seen in this study when priming in the opposite order; cells grown on
softer matrices and moved on to a stiffer substrate showed significantly reduced nuclear YAP
localisation in addition to slower migration. Again, in this study, the strength of the ‘priming’

effect was temporally dependent, with less than 2 days of priming cells resulting in reduced
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stiffness-dependent migratory behaviour, indicating that 2-3 days may be appropriate for
these mammary epithelial MCF10A cells to respond to matrix stiffness and localise YAP.
Further to this, the YAP activation continued to rise as time points increased showing that

priming for longer continues to yield increasing effects.

The temporal responses to priming may well be tissue/cell type dependent, as mathematical
models of mechano-activation predict that 7-10 days is sufficient to store a significant
mechanical memory in epithelial cells, though experimental observations have shown that
these calculations do not match experimental observations on stem cells for example as they
were calibrated for epithelial cells (Mathur et al., 2020). This mathematical model of
mechanical memory predicted that 7 days of priming would yield nearly 3 days of mechanical
memory in the cells. Additionally, this paper theorised that mechanical memory is influenced
by three factors; firstly, stiff matrix priming induces transcriptional reinforcement of
cytoskeletal signalling; secondly, over longer periods on stiff substrates, more memory
regulating factors are produced and epigenetic plasticity is reduced; and finally, the reduced
epigenetic plasticity results in stalled transcription of genes that allow adaption to a softer

matrix (Mathur et al., 2020). All evidence in this study so far fits in with that hypothesis.

This small but important collection of studies nicely demonstrate similar concepts of priming
to that used in this project, though these studies primarily focussed very much on the
mechanical effects of priming cells on a particular mechanically defined substrate. This
project more broadly focussed on both the structural and functional effects of maintenance
of cells in a soft/3D environment, and the effects of moving these back to a stiffer matrix.
Other studies have shown a similar pattern in this effect but have been less focussed on the
mechanisms involved; Wharton’s Jelly derived MSCs showed improved physiological
characteristics after preconditioning in 3D scaffolds (Lech et al., 2020), and altering the
stiffness of hydrogels encapsulating stem cells allowed tuning of the angiogenic phenotype
(Thomas et al., 2020). Chapter 4 of this project produced clear data showing that priming
cells on a 3D scaffold also yields a mechanical memory that is evident when cells are liberated
and reseeded onto a stiffer substrate, with cytoskeletal changes occurring in single cells, and
altered aggregation properties after priming in 3D. When considering upregulated
mechanical genes and the increased YAP/TAZ in the 2D cells demonstrated in this chapter,
the fundamental mechanisms behind priming become more lucid, with evident involvement
of the global transcriptome in altering mechanical properties of 2D cells. Compared against

the enhanced physiological function in 3D primed HepG2 cells, it presents a very compelling
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case for priming due to the deep biological changes occurring in the cell which can then be
carried over to subsequent cultures to utilise and further enhance these functional
properties. Functional validation in the next chapter will be key in revealing the downstream

biological effects of these transcriptomic changes.
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5.6 Conclusions

This chapter has demonstrated the immense value that utilising global transcriptome
analysis can provide. Through using cutting edge RNAseq technologies, a broad but thorough
insight into the effects of the mechanical microenvironment on cell biology has been
elucidated. The key compared conditions in this data were 2D and 3D primed HepG2 cells,
with the each being grown in their respective cultures for 8 days. The rationale behind these
time points was that one would be able to observe the greatest difference between any
effect of 3D priming and 2D cells at the end point of the initial priming stage model where
both models are the most phenotypically different to each other. Both of these conditions
had four biological repeats which showed low variation and were validated through RTqPCR
highlighting close adherence to the RNAseq data. Further value has been gained from these
samples through comparison with human liver tissue and primary human hepatocyte gene

expression data.

This chapter has explored different methodologies through which transcriptomic data can
be analysed, each providing value, but ultimately culminating in powerful gene set
enrichment analysis. The individual gene heatmap based analysis provided unique insights
into specific genes of interest and how these change between the four conditions of 2D and
3D primed HepG2 cells alongside human liver and the primary human hepatocytes. The
primary patterns observed in the heatmaps were that expression of metabolic genes
including certain phase | and phase Il metabolic genes was increased as a result of 3D
priming, however there was often still a shortfall in expression levels compared to the
primary cell sources. Other wider hepatic genes were also significantly increased in the 3D
primed HepG2 cells. In the 2D HepG2 cells, distinctive upregulation was detected in
mechanical genes involved in the actin cytoskeleton, ECM adhesion and specifically YAP/TAZ

which are heavily implicated in mechanotransduction and mechanical memory of cells.

Further gene expression analysis placed these gene expression changes into context,
considering the wider interactions and processes that each gene is involved in and using this
to demonstrate statistically powerful data of which cellular pathways are enriched in the two
key conditions: 2D and 3D primed HepG2 cells. Running this analysis across different
pathway databases repeatedly detected focussed enrichment in a number of hepatically
specific metabolic and biosynthetic pathways in 3D primed cells compared to a broad and
sometimes unpredictable range of pathways enriched in 2D. Enriched pathways in 2D did

include mechanical processes however the broad focus and lower number of significantly
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enriched pathways showed less contextual grouping of upregulated genes in 2D HepG2 cells.
This chapter has clearly and reliably demonstrated that priming cells on Alvetex® Strata for
8 days significantly enriches liver specific functions over 2D grown HepG2 cells, and indicates

the potential for priming as a method to increase the biological value of in vitro models.
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Chapter 6 — Priming HepG2 cells in a
three-dimensional microenvironment
enhances biosynthesis and
metabolism.
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6.1 Introduction

6.1.1 Functional analysis of hepatic models

Functional analysis of the HepG2 cells in various three-dimensional models is an essential
process that can help clarify the potential benefits of utilising a three-dimensional substrate
to grow and prime cells. As most in vitro models are intended to mimic biological functions,
assessing the functional and biological properties of in vitro culture is nearly always in most
studies on various liver models. Usually, the purpose of liver models is to provide
physiologically relevant analogues to the in vivo liver for disease modelling and drug
discovery (Collins et al., 2019). Possessing a significant degree of hepatic function is critical
for these models to provide a relevant in vitro analogue, and in many cases using a three-
dimensional culture substrate for liver cells may help enhance these qualities. Functional
tests can also provide downstream validation of more molecular tests such as the

transcriptomic analysis performed in the previous chapter.

6.1.2 Common hepatic functional tests

Hepatic function can be examined through a broad number of experimental methods,
though there are some common tests to probe for physiologically relevant activity.
Important areas to consider in terms of liver specific function include synthesis of important
proteins, regulation of amino acids, carbohydrates and fatty acids, biotransformation and
metabolism of xenobiotics and resilience to senescence (with early senescence being a
common issue in primary cells) (Collins et al., 2019). Albumin production for example is a
function highly specific to the liver, with albumin in humans being synthesised by
hepatocytes and rapidly excreted into the blood stream to modulate plasma oncotic pressure
and to transport drugs (Moman et al., 2020). Albumin synthesis is therefore often used in
functional tests as it is an indicator of metabolic activity and function (X. Yang et al., 2014).
Urea is also an important liver product for ammonia detoxification, and is often tested for,
despite a known deficiency of certain urea cycle genes (arginase | and Ornithine
Transcarbamylase) in HepG2 cells (Mavri-Damelin et al., 2007). Histological stains such as
Periodic Acid Schiff can be used to indicate glycogen storage capacity too which is another
important function of hepatocytes, where it accumulates to function as a reserve of glucose
and is mobilised in accordance with blood glucose levels (Rocha Ledo, 2003). In addition to
the enhanced structure often seen in 3D liver models, many studies have demonstrated

enhanced liver function using these markers in 3D HepG2 models through displaying
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elevated albumin synthesis, urea production, drug transport, drug metabolism, glycogen
storage, indicating a functional advantage of 3D models (Bokhari et al., 2007; Chang and
Hughes-Fulford, 2009; Mueller et al., 2011; Ramaiahgari et al., 2014a; Shah et al., 2018;
Stampar et al., 2019).

6.1.3 Existing hepatic models often exhibit low physiological relevance.

One use for liver models is to investigate non-alcoholic fatty liver disease (NAFLD), which is
a significant health problem across the world. Models for NAFLD require stable, long-term
cultures to mimic the chronic nature of the condition, and 2D cultures often prove
inadequate due to their typically short-term nature (Lauschke et al., 2019). Spheroids made
from primary hepatocytes are more appropriate, showing an ability to induce a reversible
accumulation of lipid droplets when exposed to a mixture of free fatty acids, insulin and
carbohydrates (Lauschke et al., 2019). More common with HepG2 cells however are models
focussing on drug discovery. Absorption, distribution, metabolism and excretion and toxicity
(ADMET) screening is now proving to be a crucial method for determining suitable drug
candidates and ruling out weak compounds that would go on to fail in clinical trials (Tsaioun
and Jacewicz, 2009). There is a fundamental requirement for accurate screening models to
help identify suitable drugs before moving on to clinical trials which are both highly

expensive and take a long time to progress.

Both animal and in vitro models are used to help drug discovery, but both have issues in
terms of validity. When investigating drug safety, animal systems have additional problems
in regard to the ethical concerns of animal use in research, and it was reported that only
approximately half of known hepatotoxic pharmaceutical compounds were detected as true
positive for hepatotoxicity in rodent models for toxicity (Olson et al., 2000). Combined tests
in rodent and non-rodent species did raise the concordance with human toxicity to 71 %, but
of course this requires more animal use which may be less desirable. /In vitro models present
a cheaper and often easier to use alternative to animals, but again, predictive power is poor,
for example with the simple 2D HepG2 models that are routinely used in research, there is a
reported insensitive to predicting hepatotoxicity in known pharmaceutical agents (Xu et al.,
2004). This is partly due to impaired expression of phase | and certain phase Il drug
metabolising enzymes (Wilkening et al., 2003), with physiological levels of expression and
activity of these enzymes proving one of the most important and desirable features in

organotypic liver models (Zhou et al., 2019).
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Due to the complicated and diverse mechanisms of drug toxicity, it is unlikely that there is a
single solution to facilitate prediction of toxic compounds, and it is more plausible that a
panel of assays should be employed in parallel, combining data from multiple experimental
methods to create a more consistent and robust criteria for eliminating drugs (Xu et al.,
2004). It has also been suggested that traditional endpoint predictive methods of
hepatotoxicity such as measuring cytotoxicity are inappropriate, and that more intricate
methods such as investigating mitochondrial impairment, biliary transport, CYP450 inhibition
and metabolite-mediated toxicity are potentially better predictors (Gerets et al., 2012; Greer
etal., 2010). Itisimportant to note that in vitro models do not just suffer from false negative
results; false positive results are also a problem (Kenna and Uetrecht, 2018) and this may be
down to the toxicity mechanisms of the drugs being tested. In vitro studies often use
concentrations of 100 times the clinical Cmax of a drug to test for toxicity (used as an
approximate guideline in this study as well). This was found to represent in vivo drug
responses and accounts for the higher concentration of drugs in the liver compared to
plasma as well as all the many levels of uncertainty that may influence how drugs are
metabolised between different individuals (Kenna and Uetrecht, 2018; Xu et al., 2008). Due
to the extraordinarily complex nature of drug metabolism and transport, using a clinically
relevant dose for in vitro studies is a significant challenge, so a set concentration measured
in Moles is mostly used instead. An important difference may also lie with acute versus
chronic toxicity testing, and this is therefore a consideration one must make when using in

vitro models.

6.1.4 Hepatic metabolism is impaired in HepG2 cells.

The presence of phase | and phase |l metabolising enzymes is particularly important due to
the different potential safety profiles of intermediate metabolites compared to parent
molecules (Zhou et al., 2019). The diversity of mechanisms through which drugs can damage
the liver is broad, with drug reactions ranging from hepatocellular - from production of drug-
enzyme adducts, to autoimmune reactions and even oncogenesis (Lee, 2003). The phase |
enzymes primarily consist of cytochrome P450s, and the enzymes in this group responsible
for catalysing the oxidation of almost 90 % of human drugs are: CYP3A4, CYP1A2, CYP2C9,
CYP2C19, CYP2D6 and CYP2E1l (Rendic and Di Carlo, 1997; P. Wang et al., 2016). Other
enzymes are sometimes involved however, and not all drugs are metabolised through
CYP450 enzymes — methotrexate for example is metabolised by folylpolyglutamate synthase

in the liver (Mikkelsen et al.,, 2011). Phase | metabolism reactions involve oxidation,
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reduction or hydrolysis of the drug, whereas phase || metabolism involves conjugation of the

drug or its metabolites to other molecules (Lu and Xue, 2019). In addition to the enzymes,

the expression of nuclear xenobiotic receptors such as aryl hydrocarbon receptor (AhR),

pregnane X receptor (PXR) and constitutive androstane receptor (CAR) play a key role in

metabolism through regulating transcriptional expression of phase | and phase Il

metabolising enzymes (Gerets et al., 2012; Naspinski et al., 2008).

Table 6.1: Drugs used in this project, and their mechanisms of hepatotoxicity.

Drug name Mechanism of injury Drug reaction Main metabolising
type enzymes
Amiodarone Direct damage to Hepatocellular, Phase I: CYP3A4, CYP2CS,
lipid bilayers and mixed or CYP2C19, CYP1ALl.
disturbance of cholestatic
Phase Il: UDP-
lysosomal or (Jersey, 2016)

mitochondrial
function.

(“Amiodarone,”

2012)
Tamoxifen Direct estrogenic Steatohepatitis
effects, and (Lee, 2003)

idiosyncratic
reaction to toxic
metabolites.

(“Tamoxifen,” 2012)

glucuronosyltransferases

(specifics unknown).

(“Amiodarone DrugBank,”

n.d.; Deng et al., 2011)

Phase I: CYP2D6, CYP3A4,
CYP3AS5, CYP3A7, CYP2C9,
CYP2C19, CYP2B6, CYP1A1l,
CYP1B1, CYP2C8, CYP19A1,
CYP2A6, CYP2E1, CYP1A2.

Phase II: UGT1A10,
UGT2B7, UGT2B17,
UGT1A3, UGT1A4,
SULT1A1, SULT2A1,
SULT1E1.

(“Tamoxifen DrugBank,”
n.d.; “Tamoxifen Pathway,
Pharmacokinetics

Overview,” n.d.)
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Ibuprofen Response to toxic
metabolic
intermediate.

(“Ibuprofen,” 2012)

Gemfibrozil Likely an
immunologic
response to toxic
intermediate of
metabolism.

(“Gemfibrozil,”

2012)

Isoniazid Toxic metabolites
produced by
bioactivation of
isoniazid through
amidases. NAT2
thought to play a
role too. (P. Wang et

al., 2016)

Methotrexate Direct toxicity
through inhibition of
RNA and DNA
synthesis.
(“Methotrexate,”

2012)

Mixed, cholestatic | Phase I: CYP2C9, CYP2C19,

(“Ibuprofen,” CYP2C8, CYP3A4.

2012)
Phase II: UGT2B7, UGT2B4,

UGT1A3, UGT1AS9,
UGT2B17.

(“Ibuprofen DrugBank,”
n.d.; Mazaleuskaya et al.,

2015)

Hepatocellular, Phase |: CYP3A4.
mixed, cholestatic
Phase Il: UGT1A1, UGT1A3,
(“Gemfibrozil,”
UGT1A9, UGT2B4,

2012)
UGT2B17.
(“Gemfibrozil DrugBank,”
n.d.)
Acute Phase |: CYP2E1, possibly

hepatocellular CYP2C19, CYP3A4.

(Jersey, 2016)
Phase Il: NAT2, possibly

GSTM1 and GSTT1.

(P. Wang et al., 2016)

Fatty liver, fibrosis Phase |: CYP3A4.

(Jersey, 2016)
Other: DHFR, AOX1,

MTHFR, PGD, FPGS, TYMS,
ATIC, GGH.

(“Methotrexate DrugBank,”

n.d.; Mikkelsen et al., 2011)
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As seen in the transcriptomic data in Chapter 5, a panel of 6 drugs was chosen for testing on
the primary and secondary stage models, and the gene expression of the known interacting
enzymes and transporters was analysed. Table 6.1 displays the toxicity mechanisms through
which these selected drugs work as well as the phase | and phase Il enzymes associated with
their metabolism. The drugs in this project were chosen due to their appearance either in
liver research literature (Bokhari et al., 2007; Ramaiahgari et al., 2014a) for example, or due
to previously being tested on in the lab. All these drugs are known to exert hepatotoxicity,
and effort was made to collect drugs that had different mecahinisms of action and a range
of associated enzymes. While toxicity is being tested in this chapter, it is not just being used
to predict hepatotoxicity, but to highlight metabolic differences in the drugs that may also
indicate whether the HepG2 models are better for drug efficacy screening. As mentioned,
the literature on HepG2 cells describes how the expression of CYP450 enzymes is particularly
impaired, however expression of phase Il enzymes apart from UDP glucuronosyl transferases
is known to be at a more physiological level. In the data from Chapter 5, the gene expression
echoed this, with CYP450 genes being generally poorly expressed in HepG2 cells, though they
were increased through 3D priming. This creates a potential imbalance in these cells towards
phase Il detoxification, due to the bias towards phase Il metabolism which, in the case of
many drugs, is an essential step in removing the toxic metabolic intermediates created after
phase | metabolism (Westerink and Schoonen, 2007a). HepG2 cells also exhibit low
expression of the nuclear receptors PXR and CAR which may contribute in part to the often
poor predictivity of hepatotoxicity that the cells exhibit (Kanno and Inouye, 2010; Naspinski
et al.,, 2008). Phase Il enzymes may also contribute to toxicity too, for example with the
formation of reactive nitrenium ions and cabocations due to the modification of aryl

hydroxylamines and benzylic alcohols by sulfonylation (Miller and Surh, 1994).

The issue of low CYP450 expression can be circumvented to an extent in certain model
systems. For example, one study showed that CYP1A1, CYP1A2, CYP2B6 and CYP3A4
expression and activity could be induced to similar levels of primary hepatocytes when
agonists to the xenobiotic receptors (AhR, PXR and CAR) were applied to HepG2 cells
(Westerink and Schoonen, 2007b). Other studies however have reported poor chemical
inducibility of metabolism related genes in HepG2 cells compared to HepaRG cells and
primary human hepatocytes (Gerets et al., 2012). This study by Gerets only compared the
inducers when used in isolation, but the paper from Westerink and Schoonen used a
combination of known xenobiotic receptor inducers for each respective receptor, possibly

explaining the more potent induction. Promising results have also been observable through
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the use of lentiviral expression systems that were able to produce HepG2 cells that
individually expressed 14 of the key CYP450 enzymes stably (Xuan et al., 2016). This study
showed a significantly increased cytotoxic response to amiodarone exposure in HepG2 cells
overexpressing CYP1A1 and CYP3A4, whereas other CYP isoforms markedly decreased the
cytotoxicity of amiodarone, indicating the different role that CYP450 enzymes have in
metabolism and detoxification of drugs. HepG2 cells have also demonstrated markedly
increased CYP450 enzyme expression through epigenetic modification of the cell line by
treatment with the cytidine analogue 5-Azacytidine (5-AZA) and Vitamin C (Ruof et al.,
2019). Treatment with these two compounds increased the expression of epithelial markers
too, showing a reduction of the tumorigenic phenotype of the HepG2 cells and a partial
reversal of EMT. These studies indicate that it is possible to induce CYP450 expression and
activation in HepG2 cells, showing that they are still a potentially valuable cell line for in vitro
drug testing as well as cancer modelling, especially considering their robustness and ease of
use compared to the expensive primary human hepatocytes that so quickly lose their hepatic

function.

6.1.5 The microenvironment significantly influences the response of in vitro models

to drugs.

In addition to the expression of important phase | and phase Il enzymes, the cellular
microenvironment is particularly important in determining phenotype and therefore the
drug-dose response of models. The lack of in vivo-like cell-cell, cell-matrix interactions and
tissue architecture in many in vitro models is a contributing factor to the disconnect seen in
the biological behaviour of cell cultures on plastic substrates (particularly in 2D) (Astashkina
et al., 2012). Drug toxicity often compromises intercellular connections in tissue injury, and
downstream results of this include loss of function, apoptosis and necrosis. Cell-cell contacts
such as E- and N-cadherins are known to be damaged in drug toxicity events (Prozialeck et
al., 2003), with cadherin related damage in the livers being attributed to oxidative stress
(Parrish et al., 1999). Alterations in the cadherins induce pathological cellular changes, and
this implicates these junctional molecules in drug toxicity events and points towards the

importance of physiological expression of these when using in vitro models.

The cell-matrix interactions are important for detection of signalling changes associated with
toxicity (Astashkina et al., 2012), due to the bi-directional transmission of mechanical, stress
induced and soluble signals between the ECM and the cells. Integrins for example are a key

molecule in the creation of focal adhesions which are largely implicated in
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mechanotransduction, and control aspects such as survival, proliferation, and cytoskeletal
reorganisation (Legate et al., 2009) and integrin disruption is commonly involved in tissue
injury mechanisms (Astashkina et al., 2012). With the nature of integrin adhesions being
dependent in part on the mechanical properties (Katz et al., 2000), it is important to consider
expression and distribution of cell-matrix adhesions in cytotoxicity sensing. Polarity and
organisation of hepatocytes in the liver is indelibly linked with the function of drug and toxin
metabolism, with the apically based bile canaliculi and the basal contact with the sinusoids
enabling the endocytosis and transport of molecules that is so crucial for hepatic function

(Schroeder and McNiven, 2014; Schulze et al., 2019).

The arrangement of cells within in vitro models, or the tissue architecture can also have a
profound effect on cell biology (Lelievre et al., 2017), and may play a significant role in
determining the cytotoxic responses of cells. 2D cell cultures may provide a suitable analogue
for acute toxicity testing in certain cases, but the unnatural nature of the substrate results in
rapid dedifferentiation of primary cells, and in the case of cell lines such as HepG2,
considerably increased proliferation (Ramaiahgari et al., 2014a) resulting in a phenotype far
removed from their in vivo counterparts. This presents a particular issue with chronic toxicity
testing, where a stably differentiated, non-proliferative model is required (Lelievre et al.,
2017). This is due to the more subtle effects on that chronic toxicity has on gene expression
(Kulkarni et al., 2008), compared to the more immediately measurable effects of acute
toxicity. 2D models will respond differently to drugs due in part to the inherent differences
in cell behaviour, but equally the position of cells and ease of access of drugs to cells ina 2D
monolayer culture will clearly be different compared to 3D cultures where cells are arranged

in more complex, multi-layered structures.

The structure of the nucleus is a particularly important determinant of cell behaviour, and
3D culture can significantly alter the morphology and organisation of the nucleus, as already
shown in Chapter 4. This was also demonstrated decades ago through the re-localisation of
the nuclear proteins such as the nuclear matrix protein NuMA observed in cells cultured on
a reconstituted basement membrane (Lelievre et al., 1998). Furthermore, expression of p53,
a regulator of cell death, was shown to be correlated with nucleus circularity (Mijovic et al.,
2013). Changes in the shape and size of the nucleus are an observable part of the early
cellular response to toxins and long term toxicity can also have an impact on nuclear

organisation due to sustained gene modifications (Lelievre et al., 2017). It is probable
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therefore that the structure of the nucleus as defined in part by the cellular

microenvironment plays a role in the response of cells to toxins.

6.1.6 3D hepatic models demonstrate altered sensitivity to xenobiotic compounds.

Further credence is given to the role of the microenvironment in toxicity responses through
the well explored differences in the metabolic profiles and toxicity responses between 2D
and 3D liver models. 3D hepatic models often demonstrate a somewhat elevated expression
of particular CYP450 enzymes over 2D models, though absolute expression values are often
not revealed and when they are, they still tend to fall dramatically short of expression levels
in primary hepatocytes and human liver — as seen in Chapter 5. Results of drug toxicity tests
are often variable between different studies, with 3D HepG2 models sometimes
demonstrating increased or decreased sensitivity that seems to be both dependent on the
model and the drugs tested (Fey and Wrzesinski, 2012). On one hand, 3D cultured HepG2
cells exhibit many enhanced features such as improved hepatocyte-like morphology (Kelm
et al., 2003) and increased MRP2 activity — shown through the export of CMFDA dye into the
bile canaliculi of HepG2 spheroids (Mueller et al., 2011). Indeed, the expression of important
drug metabolising enzymes often show a trend of increasing in 3D cultures; microarray
results of monolayer HepG2 cultures compared to spheroids showed that metabolic and
synthetic genes were upregulated in the spheroids, but adhesion and ECM related genes
were upregulated in the monolayers (Chang and Hughes-Fulford, 2009). One study
compared their spheroid models made from C3A HepG2 cells (a clonal derivative of HepG2
cells) and compared toxicity responses to combined data from a number of prior studies.
This experiment used assumptions to adjust the median lethal concentration (LC50) to
normalise for cell number differences by creating a median lethal dose (LD50) (Fey and
Worzesinski, 2012). Adjusting for cell number did alter the toxicity profiles considerably,
though results across studies were still rather variable. In some cases, the 3D spheroids were

more sensitive to toxicity, and in other instances, the 2D cells were more sensitive.

In many cases, spheroid cultures exhibit a surprisingly decreased sensitivity to
hepatotoxicants. Studies testing the effect of methotrexate on HepG2 cells grown in 3D
scaffolds (Bokhari et al., 2007) and rat hepatocyte spheroids (Walker et al., 2000) showed
significantly less sensitivity than cells in monolayers. Studies seem to be inconsistent in their
conclusions as to whether this is an advantage or not. It is possible that this differential
sensitivity makes 3D HepG2 models a better model cancer system; HepG2 spheroids had

higher LC50s of chemotherapeutic drugs doxorubicin and epirubicin compared to monolayer
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cultures, and this decreased reaction to the drugs supposedly better reflected the in vivo
response of cancer cells to the same compounds (though physiological responses were not
shown for comparison) (Oshikata et al., 2011). Other studies have also purported that 2D cell
culture systems may be overly sensitive to toxicity in some cases, due to the lack of three
dimensional structures present (Battle et al., 1999). Interestingly, HepG2 spheroids were
drastically more sensitive to anti-proliferative agents that do not rely on hepatic metabolism
when compared to spheroids grown from induced pluripotent stem cells (iPSC) derived liver
spheroids (O et al., 2016). HepG2 cells cultured in spheroids showed a diminished response
to the cytotoxic effects of colchicine, chlorpromazine hydrochloride and methyl
methanesulfonate (Elje et al., 2019), with the different responses attributed to metabolic
changes and decreased drug availability in spheroids. HepG2 spheroids also showed a
decreased sensitivity to tamoxifen toxicity in another study (Mueller et al., 2011) which was
explained through the increased expression of the drug transporter MRP2, but it is likely also

due to a combination of altered expression patterns and epigenetic factors in reality.

Decreased sensitivity to drugs in 3D models is largely attributed to both a change in the
metabolic profile of the cells and the structural changes inherent with 3D culture that may
limit access of the drug (aspects such as diffusion distance, and tighter cell-cell contacts).
What is not clear is whether this is particularly beneficial, especially considering the fact that
many in vitro models are poor predictors of toxicity. The matter of whether this altered
sensitivity makes a better model or not may well depend on what one is testing for; for
example, if solely looking at whether a drug is hepatotoxic, then decreased sensitivity in 3D
cultures may obscure this, however in situations where the efficacy of a drug is under
examination (such as anti-cancer drugs), then this may be the opposite case. For example, it
may well appear that drugs were successful in treatment due to the poor metabolism in 2D,
however a more accurate representation of the drug’s effects may be present in 3D models
(Jensen and Teng, 2020). This picture is somewhat complicated through the fact that
traditional toxicity measures may not be appropriate for accurately reflecting what would
happen in vivo (Gerets et al., 2012; Xu et al., 2008). In addition, the differences in cell number
and organisation makes matters more difficult, especially when trying to find an appropriate
test dosage. Chronic/acute toxicity also work through different mechanisms and the drugs
themselves can work through different pathways, depending on their purpose and the
mechanism of toxicity. One paper eloquently suggests that 3D HepG2 models present an
ideal model for repeated drug exposures to simulate chronic toxicity (Ramaiahgari et al.,

2014a). This paper suggested that due to the high proliferation and turnover of cells in 2D, it
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is impossible to accurately measure long-term toxicity, whereas HepG2 cells grown in 3D
present a more differentiated phenotype, with enhanced hepatic function, and importantly
are low in proliferation. It is evident though that drug tests require consideration of many
factors in vitro and there is not a ‘one size fits all’ solution and that metabolic and functional
competencies of in vitro models are a key facet to assess. In this study however, the drug
tests serve an additional purpose in functionally validating the global gene expression

analysis that clearly showed enrichment in both phase | and phase Il metabolism.

6.2 Hypothesis and aims

Through probing for protein expression of structural markers, we expect to further evidence
what was seen in the previous chapter, with 2D grown HepG2 cells displaying elevated
expression of nuclear structural proteins compared to 3D primed HepG2 cells. We
hypothesise that through priming HepG2 cells on Alvetex® for 8 days, the metabolic and
synthetic profiles of the cells will be enhanced in line with the significant gene expression
enrichment in these categories. We expect to see a significant increase in expression of liver
specific proteins as well as albumin and urea synthesis when testing the cells both at the
priming stage compared to monolayers, and when testing the secondary stage hanging drop
spheroids formed from 3D primed HepG2 cells compared to hanging drops formed from 2D
grown cells. Based on the literature and the hypothesis that 3D grown HepG2 cells will be
more metabolically competent, we expect there to be a significant differential response to
drug toxicity too with 3D primed cells tending towards an improved capacity for
detoxification of xenobiotics. We anticipated that the magnitude of this difference in
response will be decreased in the spheroids due to the prior 2D cells equilibrating to the 3D
microenvironment after 7 days, being drawn closer in phenotype to the 3D primed cells in

the secondary model.

6.3 Objectives

e To functionally characterise the priming model and subsequent hanging drop 3D
model, validating the RNAseq data.

e Toinvestigate differences in how the models respond to toxicological challenges.

e To probe for selected structural markers in western blotting to show that protein
expression backs up the immunofluorescence data and gene expression.

e To probe for specific hepatic markers in western blots to investigate the hepatic

phenotype of the cells in the priming model compared to 2D grown HepG2 cells.
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e Toinvestigate how urea and albumin synthesis differs between cells coming from 2D

or 3D priming, both in the primary and secondary stage of the models.
6.4 Results

6.4.1 Functional and structural protein expression is different between 2D and 3D

primed HepG2 cells.

To further validate the structural data from the previous chapter, western blots were carried
out on the nuclear structural markers SUN1 and SUN2 as well as the E-cadherin associated
protein, B-catenin (Figure 6.1). B -actin and GAPDH were used as loading controls, and both
of these appeared stable across the three biological repeats and between the two conditions
(2D vs 3D). These westerns were performed on lysates made from cells at the end point of
the priming model (8 days on Alvetex® Strata) and after 8 days in 2D. The expression of SUN2
clearly reflects the immunofluorescence and gene expression data in the previous chapters,
showing a notable and significant increase in expression in the 2D models. Sun1l also shows
anincrease in the 2D models, though the presence of this band was slightly harder to detect,
and the semi-quantitation did not present it as a significant change. B -catenin stained very
strongly and showed no significant change between the two conditions, but gene expression
data showed only a small change in expression of 1.2-fold towards 2D HepG2 cells, so a large
difference was not expected. These data further strengthen the hypothesis that the 2D cells
have stiffer nuclei due to increased sun expression creating more linkage with the actin

cytoskeleton.

To assess the biosynthetic capabilities, protein expression of albumin and fibrinogen gamma
chain were also investigated, alongside another mechanotransduction marker; vinculin,
using PCNA and B-actin as loading controls (Figure 6.2). Both fibrinogen alpha chain and
albumin had a substantial and significant increase in expression in the 3D priming models,
with fibrinogen alpha chain not even being detectable in the 2D HepG2 cells. This large
increase in fibrinogen echoes the more than 3-fold upregulation of fibrinogen alpha gene
expression in the 3D primed HepG2 cells, though baseline gene expression was still high in
2D, so the lack of any 2D band is curious here, though may be due to short incubation times
for the photographic film. It was expected that vinculin would be higher in 2D due to the less
natural state of the substrate putting mechanical stress on the cells, and a 1.5-fold
upregulation of vinculin gene expression in 2D HepG2 cells, however the difference in

vinculin was very slender with only a slight and insignificant increase in the 2D cells. The
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expression of albumin was also probed for in hanging drops using a western blot, with -

actin as a loading control (Figure 6.3). In the hanging drops, the albumin expression was

strong in both conditions, but there was still a slight increase in albumin expression in
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Figure 6.1: Nuclear lamina proteins are upregulated in 2D cells indicating stiffer nuclei.

Western blots of lysates taken from 3 biological replicates of 8-day grown HepG2 cells in 2D

or in the priming model. Cells seeded at 5 x 10° cells per 2D well and 1 x 10° cells per Alvetex®

membrane. Semi-quantitation performed using densitometry measurements in image J.

Graphs display relative expression of antibodies between 2D and 3D with values normalised

to the loading controls GAPDH and B-actin. Error bars = SEM. Gels were run twice, data

represents N= 3.
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Figure 6.2: Hepatic functional proteins are upregulated in 3D primed cells.

Western blots of lysates taken from 3 biological replicates of 8-day grown HepG2 cells in 2D

or in the priming model. Cells seeded at 5 x 10° cells per 2D well and 1 x 10° cells per Alvetex®

membrane. Semi-quantitation performed using densitometry measurements in image J.

Graphs display relative expression of antibodies between 2D and 3D with values normalised

to the loading controls PCNA and B-actin. Error bars = SEM. Gels were run twice, data

represents N= 3.
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Figure 6.3: After seven days of hanging drop growth, albumin is still slightly elevated in 3D

primed aggregates.

Western blots of lysates taken from 3 biological replicates of 7-day grown HepG2 cells
reseeded in hanging drops after growing in 2D or in the priming model. Cells seeded at 1 x
10° cells per drop. Semi-quantitation performed using densitometry measurements in image
J. Graphs display relative expression of antibodies between 2D and 3D with values normalised

to the loading controls 6-actin. Error bars = SEM. Gels were run twice, data represents N= 3.

aggregates made from 3D primed HepG2 cells. Interestingly, this presented as significant in
the semi-quantitation which provides limited evidence that albumin production remains
elevated even after liberation and reseeding. However, this was a smaller increase than seen

in the westerns of the priming stage models.
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6.4.2 Albumin and urea synthesis is increased in 3D primed cells both during the

primary and secondary culture stages.

To further explore albumin production both in the priming stage and secondary stage, both
albumin synthesis (Figure 6.4) and urea production (Figure 6.5) were investigated. Albumin
synthesis was measured through an ELISA assay, and urea through a simple colorimetric
assay, both measuring the presence of the products in the cell culture media supernatant,
and the results normalised to total protein. It is important to note that media was changed
on these models every 2 days, so the values here represent cumulative production over the
2 days prior to the noted timepoints. In the priming stage, levels of albumin were measured
after 8 days of culture and there was a significant increase in albumin production in 3D
primed cells. To note, a pilot experiment was done on 4 day grown cells from 2D and 3D, and
interestingly, there was no significant difference between 2D and 3D cultures at that
timepoint, but this data is not shown due to an insufficient number of repeats. At 8 days, the
3D primed HepG2 cells showed an increase of albumin production by a magnitude of nearly
1.5 x compared to the 2D HepG2 cells. This increase in albumin synthesis in 3D cells follows
the gene expression (1.7-fold upregulation in 3D), the western blots and patterns commonly
seen in the literature, with only one known study providing an exception where the albumin

actually decreased in 3D culture (Elje et al., 2019).

Interestingly though, there was also a significant increase in albumin synthesis in the 3D
primed spheroid models compared to the spheroids formed from 2D grown cells (Figure 6.4
bottom panel). The overall albumin levels in hanging drops are higher than those in the
priming stage, however this is likely due to the lack of media changes, meaning a larger build-
up of albumin in the media likely occurs. This increase in 3D primed spheroids is much more
drastic than the pattern seen in the western blot (Figure 6.3), which provides further
credibility to the hypothesis that priming the cells in 3D better prepares them for the
secondary model stage, allowing them to more readily form three-dimensional structures,
and providing them with an already enhanced hepatic function. This means that the albumin
levels in the media will build up more in the 3D primed secondary models (as seen in Figure
6.4) due to the already enhanced production. The actual direct albumin synthesis between
2D and 3D primed cells in the secondary model mostly equalises after 7 days due to adaption
of the 2D cells to the 3D environment, reflected in the western blots (Figure 6.3) which

measures the presence of the cellular protein, not the build-up in the media.
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Figure 6.4: Albumin secretion increases during 3D priming and stays elevated in hanging

drops.

Graphs showing the albumin production as quantified by the Human Albumin AssayMax
ELISA kit. ELISA performed on media taken from 2D or 3D priming HepG2 cultures, seeded at
5x10° cells per 2D well and 1x10° cells per Alvetex® membrane after either 4 or 8 days of
culture (top graph). ELISA performed on media taken from hanging drops formed from 2D or
3D primed HepG2 cells, seeded at 1x10° cells per drop, after 7 days of culture (bottom graph).

Results normalised to total protein. N= 6, n= 4.

317



Urea production follows a similar trend, with a statistically significant increase in the 3D
primed cells over 2D cells in the priming stage (Figure 6.5 top panel), though the magnitude
of increase is slightly less than that with albumin, being an increase of around 1.4 x. Again,
an increase in urea production is noted in the 3D primed secondary spheroid models too
compared to the 2D grown spheroid models, and this time there is nearly an increase of 1.9-
fold in the 3D primed spheroids. This validates the increased gene expression seen amongst
the urea cycle genes in the 3D primed cells. Both the albumin and urea data suggest that
priming cells in 3D is functionally beneficial for the cells before placing them into a secondary

model.

6.4.3 HepG2 cells primed in 3D exhibit a differential response to drug toxicity.

For drug toxicity tests, cells in either the priming stage models or in hanging drop models
were exposed to varying concentrations of the test drug dissolved in media using a vehicle
(see methods) 24 hours before testing viability with an MTT assay (priming stage only) and
measuring LDH release (priming and secondary stage models). MTT is often used to indirectly
measure viability, as it is a sensitive measure of cellular metabolic activity. However, due to
metabolic activity also being intrinsically linked to the cellular response to toxicological
challenge, an orthologous technique in the form of measuring LDH release was used. The
LDH assay measures the release of lactate dehydrogenase into the medium which occurs
upon damage to the plasma membrane, providing an indicator of cellular damage and
therefore toxicity (Kumar et al., 2018). In the priming stage models then, the LDH and MTT
assays should largely provide a reflected image of each other, with MTT measuring viability,

and LDH measuring cell death.
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Figure 6.5: Urea production increases during 3D priming and stays elevated in hanging

drops.

Graphs showing the urea production as quantified by the QuantiChrom™ Urea Assay Kit.
Assay performed on media taken from 2D or 3D priming HepG2 cultures, seeded at 5x10°
cells per 2D well and 1x10° cells per Alvetex® membrane after 8 days of culture (top graph).
Assay performed on media taken from hanging drops formed from 2D or 3D primed HepG2
cells, seeded at 1x10° cells per drop, after 7 days of culture (bottom graph). Normalised to

total protein. N= 6, n=4.

319



The first drug to be tested was amiodarone; an arrhythmia suppressing agent with known
hepatotoxic effects in vivo, of both an acute and a chronic nature (“Amiodarone,” 2012). In
the priming stage models (Figure 6.6). The LDH and MTT assays both indicated that the 2D
grown HepG2 cells were distinctively more sensitive to the toxic effects of amiodarone
compared to the 3D primed HepG2 cells, although at the top concentration of 300 uM, there
was a detectable level of cell death occurring in the 3D primed HepG2 cells seen through the
LDH assay, though curiously, the MTT assay does not reflect this pattern. Nonetheless, there
is clearly a difference between the behaviour of the two models. Due to the purported direct
toxic effect of amiodarone, the difference in response here may well be due to an increase
in the key CYP450 enzymes involved in phase | metabolism of the substance (Table 6.1), as
an increase of phase | metabolism would biotransform the drug and help remove the direct
toxicity risk. Toxicity was measured in the secondary spheroid models too (Figure 6.7), and
here there was almost no difference between the 2D and 3D primed spheroids, suggesting
that the enzymes involved in amiodarone metabolism had somewhat levelled out after the
7-day period of spheroid growth. The spheroids showed a response to toxicity that was
almost directly in-between the profiles of the 2D and 3D primed cells in the priming stage.
This suggests that the hanging drop spheroids retain a sensitivity to the drugs, perhaps due
to the smaller surface area and cell number compared to the 3D priming model, but also

suggests altered enzyme levels over that of the 2D HepG2 cells.
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Figure 6.6: 3D cells in the priming model are less sensitive to amiodarone toxicity than 2D

cells.

Graphs showing the drug toxicity curves from LDH and MTT assays of HepG2 cells in 2D and
3D priming models exposed to increasing concentrations of amiodarone applied on day 7 of
culture. LDH assay performed on media taken from 2D or 3D priming HepG2 cultures, and
MTT assay performed directly on cultures, seeded at 2.5 x 10° cells per 2D well (12 well plate)
and 5 x 10° cells per Alvetex® 12 well membrane after 8 days of culture. N=4, n= 2. Error bars

=SEM
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Amiodarone hanging drop LDH

©°

| -

T 100+

8 A 2D

S 804 v 3D

[ ]

2

60

[

> 40-

oS

>

S 204

2

Q 0 T T T 1

e 10 1.5 2.0 2.5 3.0
Concentration (log uM)

5 Amiodarone Combined

|

T 100~

S A 2DHD

S 80- v 3DHD

g ¢ 2D

© 60 ¢ 3D

[

| .

> 40-

o

>

S 204

2

Q 0 = T T 1

< 10 1.5 2.0 2.5 3.0

Concentration (log uM)

Figure 6.7: Differences in drug toxicity responses to amiodarone equalise in the secondary

hanging drop model.

Top: Graphs showing the drug toxicity curves from LDH assays of 2D and 3D primed HepG2
cells reseeded into hanging drop models, exposed to increasing concentrations of
amiodarone applied on day 6 of culture. LDH assay performed on media taken from hanging
drops, seeded at 1 x 10° cells per drop, after 7 days of culture (bottom graph). N= 4, n= 2.
Bottom: graph combining the LDH response from both the hanging drop data (dashed line —
2D/3D HD) with the priming stage data (solid line — 2D/3D). Error bars = SEM
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Tamoxifen toxicity was tested for in the same manner; tamoxifen is a nonsteroidal
antiestrogen that is often used to treat breast cancer, and in rare instances can cause acute
liver injury in vivo (“Tamoxifen,” 2012). In the priming stage models (Figure 6.8), tamoxifen
has a more potent effect on the viability of 2D grown HepG2 cells, with a notable increase in
cell death at 18.75 uM of the drug, whereas in 3D primed cells, an increase in death was only
apparent at 75 uM. With this drug, the MTT and LDH results resembled a close mirror image
of each other that provided a clear picture of what is occurring. Similar to amiodarone, the
mechanism of tamoxifen hepatotoxicity is thought to be through direct estrogenic effects of
the drug, and therefore the difference in the toxicity response seen here may point towards
a difference in phase | enzyme expression, mirroring the increase in CYP3A7, CYP1A1l and
CYP1A2 seen in the gene expression. Additionally, the toxicity profiles do appear very similar
to those of the models with amiodarone exposure. Again, similar to amiodarone, the hanging
drop spheroid models (Figure 6.9) have almost no difference between the 2D and 3D primed
cells, aside from higher variability in 2D. This provides further suggestion that the CYP450
enzyme expression has equalised in the spheroids. The response of the spheroid models
shows slightly lower sensitivity than the primary 2D model, but increased sensitivity over the

3D priming model, indicating that spheroids possess a medium-level sensitivity to drugs.

Ibuprofen is a common nonsteroidal anti-inflammatory (NSAID) drug used as a pain killer,
that can in rare cases lead to chronic or acute liver failure (“Ilbuprofen,” 2012). The
differential response of the priming models to ibuprofen (Figure 6.10) is less pronounced
than with amiodarone and tamoxifen, though there is still a difference. The LDH assay shows
that at the highest concentration of 5000 uM, both the 2D and 3D primed HepG2 cells reach
nearly 100 % cytotoxicity, but the 3D primed cells have a more delayed response, reacting
less to the lower concentrations. The MTT results however suggest that viability of the 2D
HepG2 cells drops off significantly at 5000 uM (albeit not to 0 %), but the 3D primed HepG2
cells remain viable throughout. This emphasises the importance of using two techniques,
especially when one relies on metabolism, as sometimes an inappropriate test may conceal
what is really happening. Judging by the LDH assay, it appears that ibuprofen is toxic to both
models, and ibuprofen is toxic through a metabolite, not directly, and therefore both phase
I and phase Il enzymes are implicated. The slightly less sensitive response in 3D may indicate
a tip towards phase Il detoxification, with a possible greater increase in the
glucuronosyltransferase enzymes (UGT2B4 was the only detected increase in the enzyme
gene expression) involved in removing the toxic intermediate, outweighing any increase in

CYP450 enzymes.
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Figure 6.8: 3D cells in the priming model are less sensitive to tamoxifen toxicity than 2D

cells.

Graphs showing the drug toxicity curves from LDH and MTT assays of HepG2 cells in 2D and
3D priming models exposed to increasing concentrations of tamoxifen applied on day 7 of
culture. LDH assay performed on media taken from 2D or 3D priming HepG2 cultures, and
MTT assay performed directly on cultures, seeded at 2.5 x 10° cells per 2D well (12 well plate)
and 5 x 10° cells per Alvetex® 12 well membrane after 8 days of culture. N=4, n= 2. Error bars

=SEM
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Figure 6.9: Differences in drug toxicity responses to tamoxifen disappear in the secondary

hanging drop model.

Top: Graphs showing the drug toxicity curves from LDH assays of 2D and 3D primed HepG2
cells reseeded into hanging drop models, exposed to increasing concentrations of tamoxifen
applied on day 6 of culture. LDH assay performed on media taken from hanging drops, seeded
at 1x10? cells per drop, after 7 days of culture (bottom graph). N= 4, n= 2. Bottom: graph
combining the LDH response from both the hanging drop data (dashed line — 2D/3D HD) with
the priming stage data (solid line — 2D/3D). Error bars = SEM
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Figure 6.10: 3D cells in the priming model are slightly less sensitive to ibuprofen toxicity

than 2D cells.

Graphs showing the drug toxicity curves from LDH and MTT assays of HepG2 cells in 2D and
3D priming models exposed to increasing concentrations of ibuprofen applied on day 7 of
culture. LDH assay performed on media taken from 2D or 3D priming HepG2 cultures, and
MTT assay performed directly on cultures, seeded at 2.5 x 10° cells per 2D well (12 well plate)
and 5 x 10° cells per Alvetex® 12 well membrane after 8 days of culture. N=4, n=2. Error bars

=SEM
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Figure 6.11: Hanging drops from 2D cells remain slightly more sensitive to ibuprofen

toxicity in the secondary hanging drop model.

Top: Graphs showing the drug toxicity curves from LDH assays of 2D and 3D primed HepG2
cells reseeded into hanging drop models, exposed to increasing concentrations of ibuprofen
applied on day 6 of culture. LDH assay performed on media taken from hanging drops, seeded
at 1x10° cells per drop, after 7 days of culture (bottom graph). N= 4, n= 2. Bottom: graph
combining the LDH response from both the hanging drop data (dashed line — 2D/3D HD) with
the priming stage data (solid line — 2D/3D). Error bars = SEM
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In the spheroid models (Figure 6.11), the 3D primed spheroids show a slightly lower
sensitivity to the drugs at the final concentration of 5000 uM, though this was a more
variable data point. This could however suggest that some of the changes in metabolism of
3D primed HepG2 cells are potentially retained even after 7 days of secondary culture; and
perhaps these retained differences lie in the phase Il enzyme expression as they are linked
to detoxification of this drug. With this drug however, the priming models seem more
sensitive to toxicity overall than the hanging drop models, marking a difference from the

previous two drugs.

Gemfibrozil is used to lower triglycerides in the blood and to raise the presence of high-
density lipoproteins and can cause acute liver injury in rare instances. It is thought that the
hepatotoxicity mechanism is through a toxic intermediate of metabolism (“Gemfibrozil,”
2012). The response of the priming stage models to gemfibrozil followed the same trend as
before, with 3D primed cells showing an improved ability to cope with the toxicity of the
drug, but similar to ibuprofen, the difference between the two models is less pronounced.
The gemfibrozil on the 3D primed HepG2 cells does appear to reach maximum cytotoxicity
as well as the 2D grown HepG2 cells, at 8000 uM, and but there is a slower curve in reaching
this with the 3D primed cells. The LDH assay suggests that both 2D and 3D primed HepG2
cells are nearly all dead at 4000 uM also, though the MTT suggests that metabolism is still at
roughly 60 % at this concentration in the 3D primed cells. Aside from this, the MTT and LDH
assays create a close mirror image of each other for this drug, indicating that the results are
indicative of a true toxic response. Again, this suggests that the 2D cells are perhaps more
vulnerable to the toxic intermediate due to a lower ratio of phase Il to phase | enzymes. The
only metabolising enzyme for Gemfibrozil that showed differential gene expression was
UGT2B4 increasing in the 3D primed cells. A curious response is seen in the hanging drops
(Figure 6.13), with a very similar pattern shown where the 3D primed spheroids appear to
be less sensitive to the lower concentrations of gemfibrozil, yet ultimately reaching the same
levels of cell death at the top concentration as the spheroids from 2D HepG2 cells. This result
signals the possibility of retained changes in the metabolic profile of 3D primed spheroids,
and like ibuprofen, it seems that glucuronosyltransferases may be involved as they are the

key phase Il enzymes involved in detoxification of this drug.
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Figure 6.12: 3D primed HepG2 cells are less sensitive to gemfibrozil toxicity than 2D cells.

Graphs showing the drug toxicity curves from LDH and MTT assays of HepG2 cells in 2D and
3D priming models exposed to increasing concentrations of ibuprofen applied on day 7 of
culture. LDH assay performed on media taken from 2D or 3D priming HepG2 cultures, and
MTT assay performed directly on cultures, seeded at 2.5 x 10° cells per 2D well (12 well plate)
and 5 x 10° cells per Alvetex® 12 well membrane after 8 days of culture. N=4, n=_2. Error bars

=SEM
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Figure 6.13: Hanging drops made from 2D HepG2 cells remain more sensitive to ibuprofen

toxicity in the secondary hanging drop model.

Top: Graphs showing the drug toxicity curves from LDH assays of 2D and 3D primed HepG2
cells reseeded into hanging drop models, exposed to increasing concentrations of ibuprofen
applied on day 6 of culture. LDH assay performed on media taken from hanging drops, seeded
at 1x10° cells per drop, after 7 days of culture (bottom graph). N= 4, n= 2. Bottom: graph
combining the LDH response from both the hanging drop data (dashed line — 2D/3D HD) with
the priming stage data (solid line — 2D/3D). Error bars = SEM
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Isoniazid is a medication commonly used for tuberculosis, which is well known to cause acute
liver injury. It is believed that toxicity is exerted through an intermediate of metabolism, and
seems to be more pronounced in patients with slow acetylation or abnormalities in CYP2E1
(“Isoniazid,” 2012). There is a very distinctive lack of sensitivity to isoniazid in the 3D primed
cells during the priming stage (Figure 6.12), with almost no change in viability or cytotoxicity
as measured by MTT and LDH. However, the 2D cells show a fairly typical curve, reaching
maximum LDH release at 10,000 puM. This points towards a significant alteration in the
metabolic status of the 3D primed cells, however, out of the only two currently identified
interacting enzymes, there was very weak expression in both 2D and 3D HepG2 cells, with
no differential expression. The differential response to toxicity may lie in wider biological
changes, and based on the underlying hepatotoxicity mechanisms, this may be due to a
difference in acetylation status between the two models. Uniquely, the spheroid models
show nearly no reaction to isoniazid in the tested concentration range (Figure 6.13), with
only a slight increase in LDH release at the final concentration of 10,000 uM. This could well
indicate that altered acetylation status is very much a product of a 3D environment, with
both 2D and 3D primed spheroid models showing almost no sensitivity, similar to the 3D

priming model.

Methotrexate is an immunosuppressant that can cause acute liver injury in rare instances
where high dose intravenous methotrexate is administered, however in long term
methotrexate treatment (commonly after 2 to 10 years of treatment), hepatic fibrosis and
cirrhosis occurs in a considerable number of patients (>20 % after 5 years). Methotrexate is
thought to exert injury directly, through inhibiting RNA and DNA synthesis (“Methotrexate,”
2012). The enzymes involved in methotrexate metabolism differ slightly from the ‘typical’
enzymes in liver detoxification (see Table 6.1). Three out of the seven genes encoding for
enzymes that metabolise methotrexate were upregulated in 3D primed HepG2 cells, with
two upregulated in 2D, and two showing no significant differential expression. The LDH
response of the priming stage models to methotrexate show a very clear difference between
2D and 3D HepG2 cell responses to toxicity, fitting with the consistent pattern that 3D primed
HepG2 cells are less sensitive to toxicity. There was only a slight increase in 3D primed HepG2
cell death at the top two concentrations of 75 and 150 uM (Figure 6.16). There is however a
distinct lack of response in both models when measuring MTT absorbance, with 2D grown
HepG2 cells still showing a drop in metabolism but only down to 78 % of it’s original value at
the maximum concentration of 150 uM. This is in contrast with the LDH which shows nearly

80 % cytotoxicity at 75 and 150 uM. It is unclear as to the reasons for this disparity, but the
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Figure 6.14: 3D cells in the priming model are less sensitive to isoniazid toxicity than 2D

cells.

Graphs showing the drug toxicity curves from LDH and MTT assays of HepG2 cells in 2D and
3D priming models exposed to increasing concentrations of isoniazid applied on day 7 of
culture. LDH assay performed on media taken from 2D or 3D priming HepG2 cultures, and
MTT assay performed directly on cultures, seeded at 2.5 x 10° cells per 2D well (12 well plate)
and 5 x 10° cells per Alvetex® 12 well membrane after 8 days of culture. N=4, n=2. Error bars

=SEM
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Figure 6.15: Little to no toxicity response was detectable in hanging drops exposed to

isoniazid.

Top: Graphs showing the drug toxicity curves from LDH assays of 2D and 3D primed HepG2
cells reseeded into hanging drop models, exposed to increasing concentrations of isoniazid
applied on day 6 of culture. LDH assay performed on media taken from hanging drops, seeded
at 1x10° cells per drop, after 7 days of culture (bottom graph). N= 4, n= 2. Bottom: graph
combining the LDH response from both the hanging drop data (dashed line — 2D/3D HD) with
the priming stage data (solid line — 2D/3D). Error bars = SEM
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Figure 6.16: 3D cells in the priming model are less sensitive to methotrexate toxicity than

2D cells, though there is a disparity between MTT and LDH values.

Graphs showing the drug toxicity curves from LDH and MTT assays of HepG2 cells in 2D and
3D priming models exposed to increasing concentrations of methotrexate applied on day 7 of
culture. LDH assay performed on media taken from 2D or 3D priming HepG2 cultures, and
MTT assay performed directly on cultures, seeded at 2.5 x 10° cells per 2D well (12 well plate)
and 5 x 10° cells per Alvetex® 12 well membrane after 8 days of culture. N=4, n= 2. Error bars

=SEM
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Figure 6.17: A similar toxicity response was observable in hanging drops formed from 2D

and 3D primed cells exposed to methotrexate.

Top: Graphs showing the drug toxicity curves from LDH assays of 2D and 3D primed HepG2

cells reseeded into hanging drop models, exposed to increasing concentrations of

methotrexate applied on day 6 of culture. LDH assay performed on media taken from hanging

drops, seeded at 1x10° cells per drop, after 7 days of culture (bottom graph). N= 4, n= 2.

Bottom: graph combining the LDH response from both the hanging drop data (dashed line —

2D/3D HD) with the priming stage data (solid line — 2D/3D). Error bars = SEM
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LDH assay does seem to indeed confirm that the 2D HepG2 cells are dying at the top
concentrations. While the 3D cells in the priming stage have a distinctively higher baseline
LDH activity level, the response of the spheroid models (Figure 6.15) again shows a trend of
being midway between the behaviour of the 2D and 3D priming models. Both 2D and 3D
primed spheroids showing a very similar response to methotrexate, which slightly less
sensitive than the primary stage 2D HepG2 cells. The methotrexate data indicates that there

is indeed a difference in metabolism, even when not involving the CYP450s as directly.
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6.5 Discussion

6.5.1 Functional and structural proteins are differentially expressed in 3D primed

HepG2 cells.

This chapter has presented a data set that functionally characterises 3D primed HepG2 cells
and compares them to HepG2 cells grown in 2D, which also shows that priming cells does
carry forward enhanced function into a secondary 3D spheroid model, although the
functional differences equalise to an extent after 7 days. Enhanced hepatic function is
apparent in the 3D primed models through a very clear upregulation of both albumin and
fibrinogen alpha chain proteins. Production of certain proteins is often used to indicate liver
function, and albumin is the most abundant serum protein that hepatocytes produce
(Nishikawa et al., 2017) that helps maintain oncotic pressure and transport drugs (Buyl et al.,
2015; Cameron et al., 2020, p. 10) and is a key marker of liver function. Fibrinogen alpha
chain is a protein synthesised in hepatocytes that is a component of fibrinogen, a
glycoprotein complex that helps in blood clotting and contributes towards angiogenesis, and
has been used previously to indicate synthetic liver function (Khalil et al., 2001). Indeed, the
observation that these proteins are both clearly upregulated in 3D, and the structural
proteins sun1/2 upregulated in the 2D HepG2 cells indicates that through priming, the HepG2
cells are moving away from the two-dimensional phenotype with a rigid nuclear structure,
to a more malleable three-dimensional phenotype where the synthetic function is enhanced.
The expression of albumin in the spheroids was more consistent between 2D and 3D primed
spheroids, though there was still a slight potential increase in the 3D primed secondary
model, however this indicated that synthetic activity levels mostly equalised after 7 days of

secondary culture.

6.5.2 Albumin and urea production are enhanced in 3D primed cells and in

spheroids formed from 3D primed cells.

The western blots indicated the specific differences in synthesis during the precise timepoint
of harvesting the cells, but it was also of interest to measure whether there was an increased
build-up of albumin and urea (both key liver specific biomarkers) in the media. The presence
of these two markers was measured in the media at the end of the culture period in both the
priming stage and secondary stage models. It is important to specify that in the priming

models, media was changed every two days, hence the concentrations in the media were
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lower compared to the secondary models where media was not changed but was just added
to the models at the mid-point of culture. Regardless of that proviso, both albumin and urea
levels were significantly enhanced in the 3D priming model and the 3D primed spheroids
over the 2D counterparts, and this provided further evidence that the synthetic properties
of the HepG2 cells could be enhanced through priming in a three-dimensional

microenvironment.

It was particularly encouraging to see enhanced levels of urea and albumin in the 3D primed
spheroids as this indicated that the beneficial effects of priming are indeed carried over to
the secondary model, even if after 7 days, the direct albumin levels had equalised somewhat.
This indicates that priming cells does better prepare HepG2 cells for a 3D environment
better, providing them with the advantageous functional properties from the very beginning
of the secondary model, and amplifying the overall production of important functional
molecules. Despite an increase in urea detected, this data should be caveated with the fact
that the urea cycle is known to be diminished in HepG2 cells due to ornithine
transcarbamylase (OTC) and arginase 1 (ARG1) deficiency (Mavri-Damelin et al., 2007). An
increase in the expression of urea cycle genes (including ARG1 and OTC) was seen in the
transcriptomic analysis which could partially explain the increase in urea detection, however
the cycle is likely still deficient compared to primary cells. Further analysis such as gas-
chromatography mass-spectrometry analysis for *N-urea production could help more

accurately quantify the urea production.

A previous thesis from the our lab corroborated with this, indicating that maintaining cells
in Alvetex® over multiple passages enhanced albumin and urea production as well as
enhancing metabolism (Chhatwal, 2016). In this instance, time spent in a three-dimensional
microenvironment appeared to be the influencing factor on synthetic function, and the
model used in this project demonstrates that even through using a simplified one-step
priming method, beneficial results can be achieved. Interestingly, the spheroids from 2D cells
did not show much of an increase of urea production over monolayer cultured HepG2 cells,
though it is harder to compare these conditions due to the drastically different media
volumes tested. The data here in combination with the western blot results closely
corroborates with the patterns seen in the transcriptomic analysis, where liver specific genes
such as albumin, fibrinogens and urea cycle genes were upregulated in 3D, along with

enrichment in metabolism and biosynthesis. This serves as an extra validation step to show
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that the sequencing data did in fact portray biologically meaningful changes in gene

expression that resulted in differential downstream processes as a result of 3D culture.

6.5.3 Challenges in testing for drug toxicity.

Drug toxicity is a very common method for testing functionality as it indirectly indicates the
metabolic competency of in vitro models through showing direct differences in functional
responses. As discussed in the introduction however, in vitro toxicity testing is a complex
matter with many areas to consider such as the mechanism of action of the drugs, the type
of toxicity to test (chronic or acute), appropriate measures of toxicity, the difficulty of
applying a relevant dosage and more. It is known that in vitro models are often insensitive to
hepatotoxic agents (Xu et al., 2004), however other reports suggest that false positives are
also an issue when detecting genotoxic agents (Kenna and Uetrecht, 2018). Regardless of
which direction the toxicity tests point, in vitro models are evidently not a perfect
representation of in vivo behaviour and work still needs to be done to reach a better
understanding of the mechanisms underlying the response to toxic agents and how these
are altered in model systems. Work like this is important therefore in helping to reach an
understanding of how the microenvironment in which cells are cultured effects the
behaviour of the cells and can help aid more informed decision making when selecting the

appropriate format in which to culture cells.

In this project, during the priming stage, MTT absorbance and LDH release were used to
indicate toxicity through measuring viability and cytotoxicity, respectively. In most cases the
MTT and LDH assays mirrored each other fairly closely, however in the case of ibuprofen and
methotrexate, the 3D primed HepG2 cells showed only a small drop in viability according to
the MTT results, but the LDH values suggested a more noticeable response to the increasing
concentrations of the drugs. This emphasises the need for multiple tests for drug toxicity, as
using only one test may not provide an accurate reflection of what is occurring. This is
especially relevant to MTT tests which, while widely used, are primarily an indicator of cell
metabolism and only indirectly point towards viability. Therefore, when testing toxicity of
xenobiotic agents which directly affect and are affected by metabolism, measuring MTT

absorbance may not be appropriate.

6.5.4 During the priming stage, 3D primed HepG2 cells show reduced sensitivity to

xenobiotic toxicity.
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Regardless of the sometimes-inconsistent MTT results, the models in the priming stage
demonstrated a consistent pattern in these cells. 3D priming models followed the general
trend seen in previous studies of showing a decreased sensitivity to xenobiotic compounds.
The exact patterns of the dose response curves differed between the drugs, but in all cases
during the priming stage models, the 2D grown HepG2 cells showed a tendency to lose
viability faster than the 3D primed cells. In two of the drugs; gemfibrozil and ibuprofen
(though only in the LDH assay for ibuprofen), the higher concentrations of the drug were
similarly toxic for both the 2D and 3D primed cells, however during the lower concentrations,
the 2D cells indicated signs of cytotoxicity earlier than the 3D primed cells. Other drugs
however had a drastically different effect on cytotoxicity between 2D and 3D primed HepG2
cells. For example with amiodarone and isoniazid, there was little to no toxicity elicited in
cells grown in 3D, whereas the 2D cells indicated a very typical response with a gradual

increase in cell death and drop in viability as the drug concentration increased.

There are many potential reasons for this difference in response to the drugs, with the
primary candidate being that the metabolic profile of the cells is changing. This is a well
characterised phenomenon in the literature as discussed in the introduction, with three-
dimensional models consistently showing enhanced expression of the CYP450 enzymes
responsible for phase | metabolism of drugs, and increased expression of phase Il enzymes,
which are responsible for biotransformation of the intermediates created by phase |
metabolism. Importantly, drugs are not always metabolised by the cytochrome P450
enzymes however, as is the case with methotrexate whose related enzymes include
folylpolyglutamate synthase (FPGS) and methylenetetrahydrofolate reductase (MTHFR).
Table 5.1 highlighted the key enzymes involved in metabolism of each of the drugs tested
here and the purported mechanisms of toxicity, and through correlating the experimental
data with that table, one can observe some interesting patterns. Specifically, in the drugs
where the mechanism of toxicity was thought to lie purely in the direct effects of the drug
on the liver (amiodarone, methotrexate), the patterns of toxicity tend to show a large
difference between 2D and 3D cultures, with the 3D primed cells showing very little
response. This data both validates the sequencing data, and reveals more about the possible
metabolic mechanisms occurring, as with the drugs that directly damage the liver, the key
detoxification occurs through phase | metabolism with a key set of CYP450 enzymes for many
of the drugs, and a unique set for methotrexate. The patterns seen indicate therefore that
the activity of these phase | enzymes is elevated in the 3D cells due to their greater ability to

cope with toxicological challenges, which was a general trend seen in the gene expression.
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This is a beneficial change due to the known difficulty in inducing the CYP450 enzymes in
HepG2 cells, and it shows that mechanically altering the physical microenvironment can

direct the epigenetic plasticity of HepG2 cells towards a more functional phenotype.

In the drugs where intermediates of metabolism exert the toxicity (ibuprofen, gemfibrozil
and isoniazid), the response is slightly less clear cut. Ibuprofen and gemfibrozil results show
similar behaviour in that the 3D primed cells appear slightly less sensitive during the earlier
concentrations, but ultimately reach the same levels of cytotoxicity as the 2D grown HepG2
cells. The responses with these drugs imply two things; firstly, it suggests that phase |
metabolism is occurring in both the 3D primed and the 2D cells due to the fact that the toxic
intermediates have to be produced to exert toxicity, meaning the drug must have been
biotransformed by the cytochrome P450 enzymes initially. Secondly, this indicates that due
to the slightly lessened sensitivity in the 3D primed cells, there is a balance in 3D towards
phase Il metabolism which is more capably removing the active metabolites produced by the
CYP450 enzymes than the 2D cells. An unusual result was apparent with isoniazid, however;
isoniazid has one of the most radical differences between the models, with the 3D primed
HepG2 cells showing a complete absence of cytotoxicity in response to the drug, whereas
the 2D cells remain highly sensitive. This may be related to the fact that toxicity is thought to
be pronounced in patients with slow acetylation, suggesting that perhaps in 2D there is
potent drop in acetylation activity. This data also suggests that the potential increase in
phase | metabolism (as hinted at by the models’ responses to the directly toxic drugs) is
increased disproportionately by a smaller magnitude compared to the increase in phase Il
acetylation activity, and perhaps it is this imbalance that is creating the differential response

in 3D primed cultures.

Finally, tamoxifen is an interesting candidate due to the reports that it can exert toxicity both
through direct estrogenic effects and through a toxic intermediate (“Tamoxifen,” 2012), and
therefore the results are interesting due to the implications of both direct phase | and phase
Il involvement in detoxification. Interestingly, this drug shows a very similar pattern to
amiodarone in the response of the priming stage models, with the 3D primed HepG2 cells
showing very little sensitivity until a final increase in cytotoxicity / drop in viability at the final
concentrations. Due to the multiple mechanisms of toxicity with tamoxifen, it is difficult to
make any assumptions about which enzymes are changing in their activity/expression but,
as with all other drug responses, the 3D priming cells are more metabolically competent,

showing a greater ability to cope with toxicity.
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This data followed the general patterns seen in the sequencing data (Chapter 5) which
revealed upregulation in certain phase | enzymes and a large number of phase Il enzymes in
3D primed HepG2 cells, in addition with significant enrichment in drug metabolising
pathways. When looking at the genes encoding for enzymes that metabolise these specific
drugs, there was less of a distinctive pattern, particularly in the less characterised drugs (as
the number of identified interactors was considerably low). Interestingly too, the toxicity
curves here show very clear patterns despite the lack of significant gene expression changes
in the key / rate limiting enzymes for each drug, suggesting it is wider metabolic changes,
and differences in model architecture that are driving the different biological response.
Despite this, the drug test data does validate the gene expression data, and the fact that drug
metabolism was an enriched category in 3D suggests that wider genes are interacting to

make the 3D cells more metabolically competent.

6.5.5 3D primed spheroids are slightly less sensitive than spheroids from 2D, but

the responses largely equilibrate between spheroids from 2D and 3D.

When looking at the response of the secondary models — the spheroids — to xenobiotic
compounds, the results are different than the priming stage models. Primarily, in the hanging
drop spheroids, there is much less of a difference in response of the spheroids from 2D and
3D HepG2 cells to the drugs. Amiodarone, tamoxifen, ibuprofen, isoniazid and methotrexate
all elicit dose response curves that generally follow a similar trend in spheroids formed from
2D and 3D cells, with only minor differences in sensitivity. This could mean two things; firstly
the metabolic profiles of the cells may have levelled out somewhat due to both the 2D and
3D primed cells having spent 7 days in the same spheroid culture format. Secondly, as the
overall architecture of the model is much more comparable between the two spheroid
conditions than between the priming stage models, a big reason for the differences observed
in the primary stage models could indeed be the architecture of the models and arrangement
of the cells. With these possibilities in mind, this does not however mean that 3D primed
cells behave exactly the same as 2D cells in spheroids; observable changes in the spheroid
formation and structure were noted in the previous chapter, and even after 7 days in the

spheroids, there were still small differences noticeable in structure.

The 3D primed spheroids produce more overall albumin and urea, and with the drug toxicity,
the curves are not all the same. Gemfibrozil reveals a difference in how the 3D primed
spheroids respond to the drugs, with both models ultimately reaching the same levels of

cytotoxicity at the final concentration, but with a delayed response to cytotoxicity at the
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lower drug concentrations the 3D primed spheroids. Gemfibrozil’s toxicity is suspected to be
due to a metabolic intermediate, and this suggests that the 3D primed cells may retain
increased metabolic activity of the phase Il enzymes. Additionally, in the final concentration
of ibuprofen there is a diminished (though more variable) cytotoxicity in the 3D cells, which
provides further indication that there are still some retained differences in drug response of
the spheroid models from priming even after 7 days. Isoniazid is a particularly unusual
example of a drug response in that in the priming stage it had a normal reaction on the 2D
HepG2 cells but no reaction on the 3D priming model. Based on all other secondary model
patterns showing an intermediate level of sensitivity, one would expect that spheroids
exposed to isoniazid would also replicate this pattern, but with isoniazid there is almost no
response at all from either spheroid model. This suggests that for some unknown reason, the
changes in structure from a 2D monolayer to any form of three-dimensional layout (spheroid
or scaffold) are sufficient to render the cells completely insensitive to the toxicity of this
range of isoniazid concentrations. The spheroid models were also more variable in the
response to drugs than the priming stage models highlighting the slightly less controlled

nature of this 3D culture method.

6.5.6 Many considerations are required with in vitro toxicity testing.

Certain assumptions have been made in this chapter regarding the enzymes involved and
potential mechanistic explanations behind the differential responses to drug toxicity. For
example, the suggestion that only certain named phase | and phase Il enzymes were
implicated was made for the sake of simplicity, but it is crucial to pay heed to the many other
factors that could influence the responses of the models in this chapter. This is a similar
comparison to looking at isolated gene expression in the previous chapter, against the more
holistic and contextual enrichment analysis which took into account a wider set of interacting
genes. Firstly, as discussed in the introduction, the structure and arrangement of cells in in
vitro models may itself exert a strong influence on the responses to toxic compounds
(Astashkina et al., 2012). In chapters 3 and 4 the structures of the priming models and
secondary models were well characterised, and from the SEM and H&E images, it was very
clear how the cells on Alvetex® are very tightly packed and closely arranged, forming a thick
epithelial like layer on top of the substrate. Compared to the mesenchymal monolayer
morphology of the 2D grown HepG2 cells, this creates an essential difference between the
two models that will influence how drugs may act on the cells. In the 3D priming models,

media is available above and below the cell layer, however the tighter packing in 3D means
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that access of drugs to the cells in the middle may be significantly restricted which contrasts
with the monolayers in 2D where all cells are instantly available and exposed to the

substance.

A revealing aspect of the spheroid models is that the dose response curves mostly fit into
the middle of the two extremes of the 2D and 3D primed HepG2 cells, which provides a
unique insight into how there is almost a ‘sliding scale’ of structural effects on the biological
behaviour of in vitro models. From this data it would seem that 2D cells are the most sensitive
to drugs, spheroids exhibit medium sensitivity and scaffold models are the least sensitive.
When comparing the different structure of spheroids which are relatively small with lower
cell numbers to the dense layers of HepG2 cells on Alvetex®, these differences make sense.
It is possible that the high level of cell contact on a scaffold induces a different magnitude of
mechanotransduction, but the different architecture is also likely a large factor itself in

influencing the biological properties when responding to drugs.

In addition to the changes in global structure, the previous chapters have highlighted how
the cytoskeleton and nucleus of cells in 3D culture are altered significantly, even when
moved into a secondary culture format. This alteration in cellular morphology is also likely to
contribute to the differential response to various drugs. The cytoskeleton and nucleus are
closely linked, and with the heavy involvement of nuclear architecture in determining cellular
responses to toxicological challenge (Lelievre et al., 2017), it is likely that on top of metabolic
alterations, structural changes and the influence of mechanotransduction on the nucleus

have a more direct effect on the hepatic behaviour.

Besides the metabolism, there are other biological factors that can influence the processing
of drugs too, particularly the presence and activity of transporters and polarisation of the
cells. Polarisation is an essential feature of in vitro models in order to achieve presentation
of exogenous agents in a physiologically relevant manner (Astashkina and Grainger, 2014).
Cells grown in 3D produce differential polarisation as well as overall architecture, with HepG2
cells grown on Alvetex® having previously demonstrated an increased presence of bile
canaliculi-like structures in ultrastructural analysis (Bokhari et al., 2007, p. 2). Data from the
Chapter 4 also indicates enhanced polarity in the HepG2 cells through a more organised
presentation of claudin-1 and Mdrl with structures also resembling bile canaliculi. Bile
canaliculi are a key functional element of hepatocytes, excreting bile composed of
sequestered materials that are transported out of hepatocytes, including drugs and their

metabolites (Gallin, 1997). In addition to the canaliculi, drug transporter proteins such as
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MRP2, MDR1, BCRP and others also play an essential role in absorption, distribution,
metabolism and elimination of exogenous substances, working through a variety of
mechanisms such as ATP hydrolysis for efflux with the ABC transporters, and uptake of small
molecules with the SLC transporters (Nigam, 2015). Across the different forms of drug
transporters, a wide range of drugs and toxins are handled, and there is a growing body of
evidence suggesting that they have a role beyond that of pharmacology and toxicology,
extending to wider physiology too. It is believed that as well as transporting drugs, these
transporters can regulate the trafficking of nutrients, anti-oxidants, bile salts, hormones and
more (Nigam, 2015). This shows that it is important to consider the role of transporters in
both the mediation of toxicity and wider endogenous function. The decreased sensitivity of
the 3D models to drugs therefore points towards not only alterations in drug metabolism,
but also in drug transport due to altered expression of transporters in 3D which is a known
occurrence (Mueller et al., 2011). This is further complicated through the upregulation of
certain ABC transporter genes in 2D HepG2 cells, and upregulation of SLC transporter genes
in 3D HepG2 cells (Chapter 5). The fact that the 3D primed transporter levels were often
closer to those seen in the human liver does suggest that the transporters may be functioning
more physiologically in the 3D primed cells, but exactly how this is affecting the drug

response is unclear.

Another point of interest is that the increased proliferation observed in 2D cultures makes
them inappropriate for testing over repeated drug exposures due to the high turnover of
cells (Ramaiahgari et al., 2014a), and the decreased sensitivity in the 3D primed cells here
may indicate more suitability for long-term drug studies. Additionally, the potential
differences in cell number makes it nearly impossible to apply a consistent dosage per cell of
drug across the 2D and 3D models, and therefore a consistent concentration was used
instead. There was a degree of normalisation through the toxicity measurements which are
taken as a percentage of a maximal response within that respective model, but this makes
comparing the different culture formats more challenging as the amount of drug delivered
per cell might be significantly different. These considerations show how complex drug
toxicity can be, and that simple conclusions are often hard to make, as there are many factors

working in combination to determine how an in vitro model may respond to xenobiotics.

As discussed in the introduction, the benefit of this model in drug responses may very well
depend on what the biological question is, but there is no doubt that the 3D culture has

increased the metabolic capacity for drug detoxification and therefore may be a better
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model for predicting effective cancer drug treatments. The higher cell death in 2D also means
that chronic drug testing would pose a challenge, and the more robust response of the 3D
priming, and spheroid models would suit this purpose better. There is also the consideration
that the 3D primed spheroid models provide a very simple yet effective high throughput
model where each hanging drop could be tested for a different dosage/type of drug. It is
important to recognise that HepG2 cells are a cancer cell line, and while the liver specific
properties are clearly enhanced in 3D cultures, it may be that priming also creates a better
model of in vivo liver cancer. While certain cancer related pathways in the gene expression
analysis were upregulated in 2D (MAPK for example), this does not discount the 3D cells in
providing a more physiologically relevant cancer model for drug testing, with the increased
drug resistance posing a distinctive advantage in drug discovery and testing for
chemotherapeutic agents (Jensen and Teng, 2020). It is possible therefore that the 3D
priming model itself would be best suited to genotoxicity experiments or liver pathology,
rather than necessarily providing an accurate of DILI. Having said this, primed cells in the
secondary model seem to present a more sensitive model to hepatotoxicity, and therefore
may be suitable to predict DILI. This study does also show that both individual cell
morphology and overall tissue architecture play large roles in determining the biological
properties of in vitro models. 3D culture should not be considered a blanket technique that
has a singular effect on cells, as the spheroids had notably different properties to even the
3D priming model. With these observed properties though, 3D primed spheroids possess
significant potential for both cancer models and DILI predictive models. These models could
be further developed and improved through using a transfected or chemically altered HepG2

cell line to better induce the CYP450 enzymes.

With all of this in mind, it is difficult to draw a conclusion on whether the priming is beneficial
in terms of providing a more physiologically accurate response to drug toxicity, however this
data does follow the expected patterns of decreased sensitivity enhanced metabolism in 3D
cultures. More broadly though, 3D priming does appear to create a more in vivo-like
behaviour in the HepG2 cells, and there are certainly enhanced synthetic properties in the
3D models — a very important aspect of hepatocytes. There is also clearly evidence of
enhanced metabolic activity, demonstrating that the 3D models are more metabolically
competent. In a practical sense, as discussed, a more refined and bespoke drug testing model
that uses CYP450 inducers to specifically upregulate desired enzymes may be required to
fully realise the potential of 3D primed HepG2 cells as a predictive tool. Again, it is likely a

case that there is not a one-size-fits-all solution, and that different models/cell types might
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have to be used depending on the properties of a drug and the suspected metabolic
pathways. The ease of using HepG2 cells though does make them a very compelling cell line
to utilise in research, and this chapter has indicated that the functional properties of HepG2
cells can be considerably altered by 3D culture, and maintained even after moving them into
a secondary form of 3D culture. From a more conceptual viewpoint, this data provides
further evidence that the effects of mechanotransduction can be carried over passages, with
the 3D primed HepG2 cells showing increased production of biomarkers over 2D grown
HepG2 cells when placed into a secondary model. Chapter 4 showed that HepG2 cells seem
to base their structure in-part on their mechanical history and that cells grown in 3D more
readily form three-dimensional structures after liberation and possess a more spherical
morphology. The key advantages of priming cells lie in both the enhanced morphology, and

liver function.

Additionally, this chapter validates the sequencing data, showing that the predicted
biological changes from differential gene expression and enrichment analysis are indeed
occurring. The 3D primed cells are changed at a transcriptomic level, and do exhibit increased
biosynthetic and metabolic capacity purely as a result of altered substrate geometry, and
these altered properties are carried over to subsequent cultures. Considering all the data in
this and previous chapters, Figure 6.15 presents a hypothesis of how priming in a 3D
environment can amplify the temporal enhancement of function in in vitro cell culture. After
reseeding into a secondary 3D culture, the effects of priming result in cells gain functional
competence more rapidly than cells grown in 2D as they can equilibrate to the 3D culture
condition more readily. While towards the end stage of the secondary model, the measured
functional enrichment in this study has normalised to an extent, there is still the possibility
of wider enhanced functional properties in 3D primed cells that could be further explored in
future work. For in vitro research, this could be beneficial in studying longer term drug
responses due to priming creating models that are functionally competent at an earlier stage,
which could also be advantageous in high throughput research. It also offers potential for
improved pathology research due to providing a more physiologically relevant final 3D model
from the outset. This also raises the possibility that 3D priming could be theoretically used
to promote faster acceptance of cell-based therapies in vivo. It is reasonable to believe that
as a wider principle, priming could apply to many other cell types to better prepare them for

3D in vitro models.
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Figure 6.15: Priming cells in 3D enhances their functional properties.

Schematic showing the hypothesised effect on function that 3D priming has over a prolonged

period of cell culture. Blue dashed line indicates 3D primed cells, that when seeded onto a

3D substrate, immediately start improving their structural and functional properties, which

are then preconditioned to a higher baseline level upon reseeding in a secondary spheroid

culture. Red dotted line indicates 2D grown cells only show limited functional enrichment

over a culture period, meaning they start off the secondary culture in a functionally inferior

position.
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6.6 Conclusions

This chapter has provided deep insight into the functional profiles of HepG2 cells in four
formats; 2D, 3D priming, spheroids from 2D, and spheroids from 3D. There is a definitively
clear pattern of enhanced biosynthetic function in the 3D primed HepG2 cells in both the
priming model and the secondary spheroid model over the 2D equivalents. It appears that
the functional properties in the secondary models partially balance out after 7 days, however
there is still evidence of differential function through the elevated albumin and urea levels
in the media of the 3D primed spheroids. The overall conclusion can be made that 3D priming
HepG2 cells makes them more functionally active and provides them with a more hepatic
phenotype, better preparing them for a secondary 3D model where those enhanced

characteristics are preserved.

The response of the HepG2 cells to an array of drugs in the various models reveals a
consistently decreased sensitivity to toxicity in the 3D priming model. The 3D primed
spheroid models retain a slightly decreased sensitivity over the spheroids from 2D HepG2
cells, however the responses are more comparable in these models. The large differential
response to toxicity in the priming stage models clearly shows that the biggest difference in
response is between monolayers and 3D scaffold-based models, and it is likely that this is
due to a combination of factors at play, including enhanced metabolism and drug transport

in 3D as well as altered model architecture limiting drug access.

The enhanced metabolic and synthetic biology of 3D primed cells shows that priming is a
beneficial technique to prepare cells for an in vitro liver model, although this chapter has also
highlighted the many elements that require thought when specifically using in vitro models
as predictors for liver toxicity. Further mechanistic investigation would help elucidate the
specific circumstances in which priming could offer a biological advantage. From a wider
perspective, this chapter has helped identify the aspects of cell biology that are altered
through changes purely in the mechanical properties of the cell culture substrate. This
validates the deep global gene expression data in the previous chapter. It also adds value to
the growing body of evidence that 3D culture promotes a more hepatic phenotype and
demonstrates that mechanical ‘memory’ in cells is intrinsically linked with functional

properties.
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Chapter 7 — General Discussion and
Future Directions.
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7.1 Introduction

This project has taken a two-tiered approach to answering the biological question of whether
the properties of an in vitro model can be altered in a sustained manner through exploiting
the mechanisms of mechanotransduction after priming in an initial three-dimensional
culture format. The first part of this approach was investigating the structural and
mechanical effects of culturing cells in a 3D microenvironment before liberating and
reseeding them onto a secondary substrate. This part of the analysis was carried out with
the intention of clarifying firstly whether 3D priming does fundamentally affect the biology
of the cells beyond the initial culture format, and secondly to clarify some of the possible
mechanisms behind those retained changes. The second part of the approach was the more
focussed analysis on how priming as a concept could be used to tune the functional
properties of HepG2 cells to create a secondary 3D model with more desirable biological
characteristics that better resembles the behaviour of in vivo hepatocytes. While this project
looked at these two areas; the broad effects of mechanotransduction and the specific focus
on in vitro liver models, these two areas often fed seamlessly into each other, and in the end
helped to elucidate how priming could be used to improve HepG2 based liver models, whilst

further clarifying the underpinning mechanisms involved in this process too.

As discussed in the introduction, mechanotransduction is a highly complex process with still
much characterisation needed to elucidate the pathways involved and exactly how it can
influence the behaviour of cells. Some of the outstanding questions on this matter include
the temporal effects of mechanotransduction — how long does it take for the various
pathways to trigger and how quickly would these reverse on a different substrate?
Additionally, there is still a significant amount of work needed to understand how it plays a
role in different tissue types. Mechanotransduction has perhaps been the most thoroughly
characterised in stem cells due to the very clear role it has in directing stem cell
differentiation and fate; (Liu et al., 2018; Tekin et al., 2018). These studies and many more
highlighted the clear impact that altered mechanical properties of a substrate have on stem
cell differentiation, though the role of mechanotransduction has not been as thoroughly
considered across different cell types, despite the effects of mechanotransduction seemingly
being cell specific. Integrins for example are made up of different combinations of subtypes
which are tissue specific, changing the affinity for various ECM compositions and altering the
cellular adaption to substrate rigidity (Seetharaman and Etienne-Manneville, 2018). Further

to this, YAP/TAZ — transcriptional co-activators heavily involved in the cellular response to
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mechanical stimuli — activate cell specific transcription factors upon mechanical stimuli to
induce pre-determined transcriptional responses (Martino et al., 2018b). Transcriptomic
responses do indeed seem to differ in terms of which specific genes are upregulated as a
result of 3D culture between different cell types (Tekin et al., 2018; Zschenker et al., 2012).
A key question that arises from this then, is why do cells possess a tissue specific mechanical
response? This reveals the need for more in-depth investigation of mechanotransduction
across different cell types, and this study goes some way to facilitating this, clarifying the role
it has in directing the biological response of a hepatocellular carcinoma cell line, something
that has not been fully investigated up to this point. There is a common disconnect between
mechanotransduction research as a separate entity to research looking into the end stage
functional results of an altered microenvironment. There is a wealth of papers showing that
3D culture can enhance functional properties in specific cell lines, and a large number of
papers also discussing the molecular pathways involved in mechanotransduction but there
is often a significant gap in marrying these two areas of research together. Functional
research often uses 3D culture to grow improved in vitro models, but rarely considers just
how these models are improving other than basing it on the knowledge that 3D culture is
often just ‘better’. Therefore, this project presents a unique and novel perspective through

investigating and connecting these two key areas of research.

Liver models were chosen for this project due to the breadth of research available on HepG2
cells used in in vitro models, making them an extraordinarily well-characterised cell line in
terms of their functional properties. These cells are very commonly used in creating
functional models that can be used to test drugs, model disease and predict physiological
liver responses, however it is known that they have poor expression of CYP450 enzymes
(Westerink and Schoonen, 2007b), urea cycle genes (Mavri-Damelin et al., 2007), and often
do not represent the responses of in vivo hepatocytes when testing for hepatotoxic
xenobiotic compounds (Gerets et al., 2012). These shortfalls could be rescued to some extent
through either 3D culture (Ramaiahgari et al., 2014a) or chemically induced epigenetic
modifications (RuoR et al., 2019), however results were often inconsistent in terms of which
functional properties were enriched (Luckert et al., 2017) and poor CYP450 inducibility often
remained. The robust and workable properties of HepG2 cells cannot be ignored and make
them highly suitable to high throughput analysis, especially when compared to primary
human hepatocytes which are difficult to isolate and tend to dedifferentiate in longer culture
periods (Heslop et al., 2017). A key alternative to HepG2 cells based models would be models

using HepaRG cells that are differentiated using DMSO treatment, but these may also
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dedifferentiate in subcultures and low density cultures (Adam et al., 2020; Malinen et al.,
2014). A newly developed HepaRG-CAR cell line does circumvent these limitations somewhat
through overexpressing constitutive androstane receptor, a regulator of detoxification and
energy metabolism (Adam et al., 2020). Nonetheless, HepG2 cells are inexpensive, easy to
culture and well characterised, therefore there was a strong rationale behind trying to
harness mechanotransduction to further improve the biological qualities of a HepG2 based

model.

7.2 A robust and reproducible cell priming model showed enhanced

structural properties analogous to the human liver and created a

mechanical memory within the cells.

The first data chapter (Chapter 3) of this thesis was primarily focussed on the optimisation
of a robust and reproducible model for priming the HepG2 cells. The 3D technology used was
Alvetex® Strata, a specific format of a biologically inert porous polystyrene scaffold, as this
maximised comparability with the polystyrene 2D culture format whilst minimising any
extraneous biological variables that formats such as Matrigel would contain. This meant that
any biological effects seen were purely attributable to the physical properties of the
microenvironment changing. Through experimenting with a series of variables including
media delivery, growth time, and positioning of the Alvetex® insert, an optimum model was
created that used 1 x 10° HepG2 cells on a 6 well Strata format (or 5 x 10° cells on a 12 well
format for drug tests) and grew them for 8 days. Using this format, a consistent, thick and
viable layer of HepG2 cells was formed on top of the substrate, with a 3D arrangement and
tight packing of the cells that resembled the morphology and architecture of hepatocytes in
the human liver. These cells were easy to liberate using a combination of trypsin and gentle
mechanical scraping, whereupon the largely viable population could be reseeded onto a

secondary substrate for further testing.

It is difficult to isolate the effects of an altered physical microenvironment on just cell
morphology and function due to the fact that altering the substrate properties changes the
global organisation of cells within the model. This in itself can have a significant role in
altering cell biology (Leliévre et al., 2017), through aspects such as altered availability to
drugs and nutrient restriction. Therefore, in some ways, it is difficult to deconvolute the more
direct biological effects of the mechanical environment on cells from secondary effects that

arise from an altered global structure. Nonetheless, any biological changes occurring will be
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a result of altered mechanical properties, it just may be difficult in some cases to tell whether
these are direct or indirect consequences, though experiments such as global gene
expression analysis did help in making this clearer. With this in mind, an interesting finding
of the first chapter was that using a form of media application termed ‘contact feeding’,
where media was supplied underneath the substrate in combination with only a thin layer
on top, managed to provide a significantly thicker layer of cells than when the substrate was
more completely submerged. This was likely due to a higher surface tension and lower
turbulence in media changes helping to encourage a thick cell layer due to less disruption.
More importantly though, this environment potentially more closely mimicked the
conditions of the liver, where hepatocytes are exposed to significant oxygen gradients in the
lobules. This oxygen gradient is a strong driver of metabolic function in vivo (Kietzmann,
2017), and therefore this may also have played a role in the improved metabolic properties

detected in the transcriptomic and functional characterisation of this 3D model.

The final model created after optimisation in Chapter 3 was able to hold a significant
population of HepG2 cells in a 3D environment for a sustained period of time of 8 days — a
time frame that according to the literature should be long enough to elicit a significant
mechanical memory in the 2D and 3D cells (Mathur et al., 2020; Nasrollahi et al., 2017). This
initial model was therefore named the priming model as it primed cells to a three-
dimensional microenvironment before liberation. Based on the limited literature knowledge,
and previous work by Rebecca Quelch and Alisha Chhatwal in Professor Stefan Przyborski’s
research group, there was a significant body of evidence to suggest that this priming stage
would alter the structure (and consequently the function) of the HepG2 cells. Based on the
organisation of cells on top of the Alvetex® membrane, it was expected that 3D primed cells
would be smaller and more spherical than cells from a monolayer after liberation, and that
the 3D primed cells would more readily form a subsequent three-dimensional structure in
secondary cultures. Chapter 4 consisted of extensive structural characterisation of the model
to determine whether this was the case, and indeed it proved to be. A key set of experiments
involved reseeding HepG2 cells at low confluency onto a 2D stiff substrate and analysing the
structure of single cells after varying times of adaption to this substrate. These HepG2 cells
were reseeded onto the stiff substrate from either prior growth in 2D or from the 3D priming
model, and the results were very clear in indicating that cells grown in 2D more readily
spread out and increased their surface area on the secondary substrate, whereas 3D cells
kept more spherical with a lower surface area. This was shown to be a highly reproducible

phenomenon, and interestingly, the altered structural qualities appeared to differ as time in
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the secondary substrate elapsed. Within 1 hour of reseeding, the cell height was significantly
altered, with 2D cells being significantly flatter, but this evened out after 3 hours. This
switched to a significant difference in cell area after 1 day in the secondary substrate, with
the surface areas of 3D primed cells being significantly smaller, but heights having equalled
out. This indicated that the 2D grown HepG2 cells had altered cytoskeletal machinery which
permitted a faster spreading and perhaps an increased migratory phenotype — though the
latter aspect was not thoroughly tested for. Perhaps the most revealing data set was the
scanning electron microscopy images which showed the single cells in incredibly high detail.
These images highlighted very clear differences in structure with the 2D cells showing a
flatter, more spread-out phenotype, whereas 3D primed cells were generally spherical and
had a high presence of protrusions. This altered phenotype also extended to higher
confluency cell populations, with SEM images showing that 3D primed HepG2 cells formed a
more three-dimensional islands consisting of spherical cells compared to the more
monolayer-like formation of the 2D grown cells. The nuclear areas appeared to change very
much in line with the cell areas, decreasing significantly in 3D primed cells, which displayed

the close links between the cytoskeleton and nuclear architecture.

Further to the single cell experiments, when allowing 3D primed cells to grow for longer and
in higher densities on a 2D substrate, they exhibited a more colony-like growth pattern,
demonstrating that it was not just single cell structure that was altered — the global
organisation of cells was shifted due to 3D priming. Additionally, when cells were reseeded
into a 3D Alvetex® scaffold, the 3D primed cells formed more island-like structures and
tended to clump together as opposed to a more consistent layer from 2D cells. These data
indicated that cellular aspects controlling structure and tissue architecture were significantly
altered in the 3D primed cells. Disrupting various components of the actin cytoskeleton
machinery also was able to restore 2D cells to a phenotype closer to 3D primed cells, further
implicating cytoskeletal mechanisms in determining mechanical memory. Finally, when
optimising the secondary aggregate models, it was clear that there were differences in how
3D primed cells assembled themselves compared to 2D cells, especially in higher density
hanging drops where 2D grown cells often formed an almost two-dimensional layer of cells
on the meniscus of the droplet compared to the more three-dimensional network
organisation of the 3D primed cells. The final optimised secondary model used a lower cell
count however to facilitate consistent hanging drop spheroids after 7 days of growth

regardless of whether the cells were 3D primed or not.
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These data hinted at transcriptional changes occurring in the cell, leading to prolonged
effects of 3D priming. This fits with the mathematical modelling of mechanotransduction
suggesting that altered YAP/TAZ activation leads to increased reinforcement of cytoskeletal
signalling on stiff matrices (Mathur et al., 2020). The data in this thesis suggested that the
opposite effect also occurs when priming on softer matrices, potentially hinting at some form
of constitutive on/off switch regarding YAP/TAZ and mechano-activation. Another
experiment in this project showed that priming in 2D or 3D for longer exerted a stronger
sustained effect on the cells with significant differences in cell areas only occurring after 4
days or longer after priming, and this is consistent with other studies that indicate a minimum
of 2-3 days of priming is needed for epithelial cells to adapt to matrix stiffness and alter YAP

activity (Nasrollahi et al., 2017).

Structural markers were probed for in the priming model compared to 2D cells, and reseeded
cells on 2D after priming in 3D. These revealed that N-cadherin expression was high in both
2D and 3D priming models, though expression was more consistent in the 2D models, yet
more intense in the 3D priming models. E-cadherin was expressed at a lower level in both 2D
and 3D models, with only faint staining, however a similar pattern was seen of more
ubiquitous staining in the 2D models, but more intense localised regions of staining in the 3D
models, and interestingly, the intensity of staining appeared higher in 3D primed cells
reseeded on a 2D substrate, indicating a potential artefact of the 3D priming. The more
heterogenous patterns of these two markers in the 3D priming model may be an indicator
that some form of metabolic zonation was occurring in the priming model, as different
regions of E-cadherin and N-cadherin staining signals this in vivo (Hempel et al., 2015). This
possibly links to the increased oxygen gradient that may be present with the ‘contact’ media

method and the thick cell layers, though more testing would be needed to determine this.

Claudin 1, a highly liver specific tight junction marker was — unlike the cadherins —very clearly
more intense and more organised in the 3D priming model, and along with MDR1, showed
distinctive intense staining spots in the 3D models that may be indicative of canaliculi-like
structures forming. Additionally, more of these intense staining spots appeared to form in
spheroids formed from 3D primed cells, alongside increased MDR1 staining intensity. The
nuclear lamina associated sunl and sun2 proteins were also very distinctively more intense
in the 2D cells over cells in the priming model indicating stiffer nuclei in the 2D cells, which
is a known occurence in cells on stiffer substrates with higher actomyosin contractility

(Alisafaei et al., 2019). This further fits with the hypothesis that the changes in primed cells
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could be occurring due to altered transcriptional machinery, with stiffer and flatter nuclei
resulting in less condensed nuclear chromatin (Alisafaei et al., 2019) allowing increased
access to transcriptional machinery (Heo et al., 2016a), and less mechanical resistance in
nuclear pores to transcription factors such as YAP/TAZ (Elosegui-Artola et al., 2017).
Importantly, in probing for these structural markers, the reseeded cells had been growing
for 7 days, and therefore it was expected that differences between 2D and 3D primed cells
would have normalised to an extent, and while this was true, subtle differences were still
present in the increased intensity of the cadherins in 3D primed cells reseeded on 2D for

example, and the more island-like structure of reseeded 3D cells was still present.

Through using transcriptomic analysis comparing 2D HepG2 cells to the 3D priming model,
many of the observations in the structural characterisation sections were backed up with
high quality gene expression data. Through comparing to human liver and 2D primary human
hepatocytes, further value was provided as it showed that gene expression levels in HepG2
cells were considerably lower in many of the key hepatic genes when compared to these
primary cell sources. Despite this, in expression of structural genes, 3D HepG2 cells were
often closer to the expression profile of the human liver, and 2D HepG2 cells were in some
cases closer to the 2D primary hepatocytes, particularly in expression of integrins and
mechanotransduction markers. This indicated that the structural state of cells in the human
liver was more closely mimicked by the 3D culture conditions in the priming model, and that
2D culture has a distinctive effect in making expression of these genes less physiological. In
this data, there was a very clear upregulation of genes linked to mechanotransduction
processes in 2D HepG2 cells, and a number of the enriched processes/pathways in 2D cells
related to the cytoskeleton, cell junction organisation or actin cytoskeleton organisation. This
was clearly consistent with the data obtained in the structural characterisation chapter,
where the 2D cells showed differential morphology, were more spread out on substrates,
had a higher consistency of junctional organisation with the cadherins and showed an altered

cytoskeleton.

There were some interesting highlights in expression of the structural markers. N cadherin
showed increased gene expression in 2D cells, and the balance in both HepG2 models was
very much in favour of N-cadherin expression over E-cadherin expression. This backed up the
immunofluorescence data to an extent, with the N-cadherin having stained much more
intensely in 2D and 3D than the E-cadherin. While the integrins showed a clear pattern of

upregulation in 2D, the cadherins and claudins were more mixed, though claudin 1 was
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upregulated in the 3D cells, consistent with the immunofluorescence data. The less
physiological expression of many of these genes in the 2D HepG2 cells compared to 3D
primed cells indicated that the physical microenvironment is a strong regulator of
transcription. The SUN genes were also significantly upregulated in the 2D HepG2 cells which
closely aligned with the observed staining in the characterisation chapter, and further
pointed towards stiffer nuclei in 2D cells. The increased expression of the sun proteins was
also backed up through western blots which showed a very similar pattern of increased
expression across three biological repeats of 2D HepG2 cells compared to 3D primed HepG2

cells.

There was also a significant upregulation of YAP/TAZ in 2D cells, meaning it is likely that this
was at least one of the mechanisms through which the upregulation of many of the
mechanical genes was achieved. With enrichment in processes and pathways such as ECM
organisation, focal adhesions and actomyosin structure organisation in this data, all of which
are key target functions of YAP/TAZ promoted transcription (Calvo et al., 2013; Martino et
al., 2018c; Morikawa et al., 2015; Nardone et al., 2017), it seems to heavily implicate these
transcription factors in the differential structural response of HepG2 cells to a 2D and 3D
microenvironment. This further backs up the purported involvement of YAP/TAZ in
mechanical memory too, with increased activity of these being a primary driver behind
sustained mechanical characteristics (Mathur et al., 2020), which were also seen in these
experiments. The key pattern that the transcriptomics revealed was that the structural
enrichment was always in the 2D HepG2 cells. This indicated that genes pertaining to these
mechanical functions were specifically upregulated in 2D over 3D HepG2 cells, and revealed
that the stiffer substrate creates a more mechanically stressed cell (as Alisafaei et al.
described (Alisafaei et al., 2019)), which in turn increases epigenetic factors and transcription
of many genes involved in the mechanically responsive machinery, pushing the cell towards

a phenotype more focussed on coping with the high tension microenvironment.

7.3 Priming HepG2 cells in 3D significantly enhanced a broad range of

hepatic functions.

While the transcriptomic data was important in investigating mechanisms behind
mechanotransduction, it was perhaps even more useful in unveiling what functional
properties were enriched in the 3D primed cells. A selected group of genes closely related to

liver function such as albumin, fibrinogen, antithrombin and more had a clear trend of
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upregulation in the 3D primed cells. This upregulation was also highly significant in many
cases, for example with the 1.7-fold increase in albumin production, the adjusted P value
was 7.94003x1073. Albumin production is a very common test employed in liver research to
provide an index of liver function (Nishikawa et al., 2017), with higher levels often indicating
a more functionally competent model. Indeed the higher production here brought the 3D
primed HepG2 cells close to the physiological levels in the human liver, although in vivo
expression was still very much higher than the expression levels in either model of the HepG2
cells. As albumin is such a critical test for liver function, this was further tested for in the
functional characterisation chapter (Chapter 6), where albumin secretion was measured in
the supernatant from HepG2 cells both in the primary stage models (2D and 3D priming) and
the secondary spheroid models (cells reseeded from either 2D or 3D priming). After
normalising to protein levels, this showed a very clear trend of increased albumin production
in both the 3D priming model, and the 3D primed spheroid models over the 2D counterparts.
This measured the build-up or secretion of albumin in media, so western blots were also
used to detect direct albumin protein production within the cells, and there was a strong
upregulation of the protein in the 3D priming model over monolayers. This increase was not
as pronounced when comparing the 3D primed spheroid model over spheroids from 2D. This
indicated that albumin production had partly evened out after 7 days of spheroid culture,
however the fact that overall albumin in media was still increased in the 3D primed spheroids
showed that those cells had indeed been primed to a 3D phenotype where they were more

functionally competent from the offset in the secondary model.

The transcriptomic data also showed a specific pattern of upregulation in genes involved in
the urea cycle (ASS1, ASL, OTC, ARG1) in 3D primed cells, and this too was validated through
a colorimetric assay measuring urea levels in the media for both the primary and secondary
stage models. Similar to albumin, urea levels were increased in both the 3D priming model
and the 3D primed spheroids and this showed that the transcriptomic upregulation was
having a biological effect, which was maintained after liberation and reseeding, exhibiting
the potential use of priming in preparing the HepG2 cells for a functionally enhanced end-
stage model. Despite this, the known dysfunction of the urea cycle in HepG2 cells (Mavri-
Damelin et al., 2007) means that the urea results should be interpreted with a degree of
scepticism. The increase in production and gene expression is a positive sign, however the
cells still likely have a significant shortfall in production compared to primary samples. The
increase in fibrinogen genes was also validated through a very clear upregulation of

fibrinogen alpha chain protein in 3D primed cells detected through western blotting,
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indicating increased biosynthesis capacity in the 3D HepG2 cells and further validating the
sequencing data which also picked up enrichment in many biosynthetic categories for the 3D

cells.

The transcriptomic data revealed a slightly more mixed picture of expression of metabolic
genes, particularly with the cytochrome P450 which were key for phase | metabolism of
xenobiotic compounds. The expression of these genes tended towards increased expression
in the 3D primed HepG2 cells, though in some of the cytochrome P450 genes less linked to
drug metabolism, there was an increase in 2D HepG2 cells, such as CYP2S1 and CYP24A1. On
the whole, 3D primed cells had a closer expression profile to human liver, though human
liver had particularly strong expression in the key drug metabolising CYP450 genes such as
CYP1A2, CYP2E1, CYP3A4 which were much higher than expression levels in HepG2 cells.
Expression of many of these particularly key genes was very low in the HepG2 models, though
was still usually increased in the 3D primed cells. This further indicated the poor inducibility
of cytochrome P450 enzymes in HepG2 cells, and while 3D culture does go some way to
increase this, it is still far below the levels of human liver. A potential solution to this could
be through combining the beneficial effects of 3D culture with epigenetic modification
through chemical treatment with inducers such as 5-Azacytidine (RuoR et al., 2019) to create

a stronger induction of the phase | enzymes.

In the various sets of phase Il enzymes, expression patterns were more consistent in showing
a generally increased expression in the 3D primed HepG2 cells, with expression levels also
tending to be closer to physiological levels with less of a shortfall than with the phase |
enzymes. The clearest functional patterns were revealed through the various forms of
enrichment analysis which picked up a very consistent trend of enrichment in metabolic and
biosynthetic pathways that were often closely associated with hepatic function. These
included enrichment in cholesterol metabolism and biosynthesis, steroid metabolism, drug
metabolism (both phase | and phase IlI) and bile acid biosynthesis. This revealed the
importance of putting genes into context of their interactions and wider functions as it
highlighted incredibly specific, significant and strong enrichment in hepatic pathways for the
3D primed HepG2 cells.

The fact that enrichment was detected in phase | and phase Il metabolism provided a clear
validation route for this data through a series of drug tests in the functional validation
chapter. These drug tests were carried out on the primary and secondary stage models, using

six selected xenobiotic compounds whose toxicity was measured. There was a marked
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difference in how the HepG2 cells in the 3D priming model reacted, with a significantly
increased capacity to cope with toxicological challenges, whereas HepG2 cells in monolayers
showed increased sensitivity to cytotoxicity at lower dosages of the drugs. The responses to
all drugs followed this trend, and no particularly strong correlation was noticeable in whether
differences in sensitivity were stronger in drugs that are directly toxic compared to drugs
that are toxic through a metabolite. In two of the cases where toxicity is exerted through a
metabolite (ibuprofen and gemfibrozil), the difference in cytotoxicity seemed less
pronounced between the 2D and 3D HepG2 cells, which may be an indicator that either the
bioactivation by phase | enzymes or the detoxification by phase Il enzymes was rebalancing
the difference to an extent. Ultimately though, the 3D primed cells were still less sensitive to
toxicity, and this indicates a significant difference in metabolic activity as shown in the gene
expression data. The interplay between phase | and phase |l enzyme expression was clarified
further through the gene expression data, with the drug toxicity results showing high
consistency with the enriched terms of the transcriptomic data such as ‘drug metabolism’.
The increased phase | and phase Il metabolic capacity evidently had a functional effect of
more efficient detoxification in the 3D cells. Looking at the specific gene expression, and
particularly the low absolute expression levels of the CYP450 genes compared to the higher
general presence of phase Il enzymes, it is likely that while 3D culture increased activity in
both stages of drug metabolism, the balance was further tipped towards phase Il metabolism

in the priming model.

In the spheroid models, it was clear that after 7 days of culture, the toxicity responses had
normalised partially between spheroids from 2D and 3D primed cells. The spheroids
commonly showed a response to drug toxicity that was somewhere in between that of the
2D HepG2 cells and the 3D priming model. This helped clarify the role that the overall cell
organisation had in contributing to the response to xenobiotics, with the medium response
of spheroids suggesting that there was a higher drug availability in the spheroids compared
to the tightly packed 3D priming models, yet lower availability when compared to the
monolayer cultures where all cells could be exposed to the compounds. Generally, in the
secondary models, the responses of 2D and 3D primed spheroid models were closer to each
other. There was a potentially small decrease in sensitivity still evident in the 3D primed cells,
shown in the responses to gemfibrozil and ibuprofen, though these differences had largely
normalised. This data suggests that the priming effect had somewhat diminished after 7
days, with the increased transcription of the metabolic genes in the 3D primed cells possibly

re-adjusting to the microenvironment of spheroid cultures, and the decreased transcription
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in the monolayer HepG2 cells likely increasing to adapt to the new 3D environment. In
addition, the decreased sensitivity to toxic compounds seen in spheroids compared to
monolayer responses does still point towards increased expression and activity of key phase

| and phase Il metabolic genes.

Expression of transporters further complicates things however, as 2D cells tended towards a
higher expression of genes for ABC transporters, yet 3D cultures exhibited increased
expression of genes for SLC transporters, and both of these transporter families are involved
in drug transport and clearance (Li et al., 2012). It is hard to deconvolute how the differential
expression of these affects the drug responses of the models, and why these expression
patterns are there in the first place. Of course, expression data does not necessarily equate
to protein levels and correct functioning of said transporters, so this is also a consideration
with this data. A similar pattern to this was seen in primary mouse hepatocytes where at the
3 day growth time-point there was a significantly higher induction of ABC transporter mRNA
in monolayer cultures as opposed to sandwich cultures (Noel et al., 2013), whereas induction
of SLC transporter mRNA was low in general, though slightly higher in the sandwich cultures
for Oatplad and Ntcp. The expression levels appeared very dependent on culture time
however, and it was suggested that the sandwich culture may ‘transiently limit the culture-
associated over-expression of some ABC transporters’ (Noel et al., 2013). This may be the
same situation in this study, with certain ABC transporter mRNA levels in the 2D HepG2 cells
actually appearing higher than human liver in some cases suggesting a non-physiological
overexpression. Further to this, the bile canaliculi-like structures observed in the
immunofluorescence staining and TEM of the 3D primed HepG2 cells does suggest that
functional transporters are forming, and this may play a role in the increased detoxification

seen with priming.

It is hard to conclude whether 3D culture made a ‘better’ model for drug testing due to the
inherent complexity of in vitro drug tests, with false-positives and false-negatives both being
anissue in in vitro liver research. However, it is clear that 3D culture significantly enhances a
broad range of metabolic and biosynthetic processes that are key to liver function. The 3D
priming model may be beneficial for drug efficacy screening, liver pathology, and even
providing a physiologically relevant cancer model. With the enhanced metabolic expression,
it may present an improved model for metabolomics studies too. With this focussed
functional enrichment of the primed cells from simply altering the mechanical properties of

the microenvironment, it brings to mind the potential for further developing and
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functionalising these models through combining 3D culture with epigenetic modifications.
Perhaps with a combination of methods, a truly competent functional model could be

produced that is even closer to replicating in vivo physiology.

In addition to thoroughly demonstrating the immediate functional impact that culturing cells
on a 3D scaffold has, this project has also demonstrated that through culturing cells in 3D,
the altered structure and function can be carried over into subsequent cultures. There is a
significant body of evidence here that demonstrates how as both single cells and as a
population, the mechanical ‘history’ of a cell is of fundamental importance in determining its
behaviour in subsequent cultures. The altered growth patterns of populations reseeded onto
coverslips demonstrates the key role that the mechanical status of a cell has in forming
confluent populations, and differences in how 2D vs 3D primed cells formed aggregates were
also very clear especially at higher seeding densities. The exact mechanisms that allow 3D
primed cells to more readily form 3D structures after reseeding are unknown, but more
clarity has been provided here regarding the significant downregulation of mechanically
related genes that occurs in 3D. This helps correlate how mechanical cellular dynamics are

intrinsically linked with the functional properties.

Alterations in the cell biology at a transcriptional level is evidently a key driving force behind
mechanical memory, and it makes sense therefore that the increased transcription of
functional genes in 3D culture is a key driver of the functional memory. This functional
memory was apparent through the markedly increased cumulative albumin and urea
production in the supernatant of the 3D primed spheroids. This provides a causative link
between the mechanical memory that has been described in literature, and an
accompanying functional memory that arises as a direct consequence. Despite this increased
albumin and urea secretion, it appeared that the direct production of albumin may have
converged to a state of equilibrium between the spheroids formed from 2D HepG2 cells after
7 days in culture. This agrees with the literature that suggests that cells primed on a stiff
matrix for between 7-10 days are imbued with around 3 days mechanical memory, with
mechano-activation degrading between 12-24 hours after this period (Mathur et al., 2020).
Therefore, the benefit of 3D priming here has been proven to lie in the early stages of
secondary culture, where the 3D primed cells more readily form 3D structures and exhibit
enhanced function from the start compared to the 2D cells which must adapt to the 3D
microenvironment and accordingly decrease the transcription of the mechanical genes and

increase transcription of the cell specific functional genes. This means that 3D priming
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permits earlier formation of a functionally mature end stage model that may prove especially
beneficial for long term or high throughput studies such as chronic toxicity testing. Figure 7.1
is a simplified graphical representation of what this study has shown, through culturing cells
in 2D and 3D before reseeding them onto either 2D to scrutinize structural changes, or into
a secondary 3D model to show global alterations in organisation and functional

enhancement in 3D primed cells.

Another area in which priming may have a particular benefit is the fact it can facilitate a
significantly large cell number; using this priming model on 6 lots of 6 well inserts for example
would yield a number of liberated cells usually in excess of 1.2 x 10”. This makes the
technique highly suitable for creating subsequent high-throughput models. The simplicity of
the priming technique for easy-to-use cell lines such as HepG2 makes it a very desirable

technique to give cells a functional advantage in preparation for the secondary model.

The priming concept could also be rephrased to put the emphasis on 2D culture, by
describing that monolayer culture of HepG2 cells leads to a stiff-priming response with
mechano-activation that pulls the cells away from a physiological phenotype. While this
unnatural phenotype is eventually rescued when cells are moved to a 3D end stage model,
by adding an extra step of 3D culture, cells are given an extra time-period to restore their
natural phenotype before being placed in a final secondary model to make use of the
enhanced qualities. It could also be argued that just maintaining cells in a 3D environment
for longer would have the same effect, however in a cancerous cell line such as HepG2 cells,
this would be less than ideal, as longer culture periods resulted in over-confluency and large
patches of cell death, likely due to nutrient starvation. This has demonstrated that even after
mechanical and enzymatic liberation of cells, the previous culture format has a lasting
impression on the cell biology. Therefore, on a fundamental level, this project has
demonstrated that cells mechanically and functionally adapt to the mechanical properties of
the substrate they reside in and this creates a lasting impact on the biology of the cell,

imbuing them with a ‘memory’, both structurally and functionally of their mechanical history.
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Figure 7.1 Priming cells in a 3D microenvironment leads to significantly altered structure and function that is carried over to subsequent cultures.

3D primed cells exhibit a phenotype closer to in vivo hepatocytes. Cells grown in 2D retain structural properties after reseeding, with cells replated on to 2D
substrates being flatter and growing in more consistent monolayers than the more three-dimensional colony like structures formed by 3D primed cells. 3D
primed cells have instantly enhanced function when moved to a secondary model whereas 2D grown cells have to adapt first to the 3D environment of a

secondary model. Created using Biorender.com
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7.4 Future directions and wider applications.

While functional and enrichment has been shown to carry over as an artefact of priming in
different microenvironments, there is still a lot that could be done to unpick exactly what
functional qualities are enhanced in the secondary model and for how long. It would be
particularly interesting to investigate how long it takes for the priming effect to wear off —is
it three days as literature would suggest, or does this depend on cell type and the exact
mechanical qualities of the priming environment? It was evident that the length of time
spent in priming had an impact on the magnitude of the sustained impact, though does this
also affect the time it takes for the primed qualities to re-adapt? It is also clear that time is a
key variable in driving the priming process, but just how does time effect the process?
Investigating this would be an incredibly complex affair, and as more studies are undertaken
and more details are revealed about factors involved in mechanotransduction, inevitably
more questions will surface. Ultimately though, gaining a thorough understanding of
mechanotransduction will be incredibly beneficial in the world of in vitro research, allowing
much greater control over cell culture-based models where properties may be tuneable to a
very precise degree. To make in vitro models accurate to in vivo equivalent tissue is a key aim
of many research studies, and this project is a step towards that direction, further solidifying

the evidence that structure is a critical driver of function.

Figure 7.2 shows the proposed simplified mechanisms through which transcription of
mechanical genes may be altered in 2D compared to 3D cells. This is not exhaustive and there
will be many factors not included that are involved in the altered response. However, altered
transcription will likely be in part due to the changing cytoskeletal dynamics, nuclear
architecture and altered internal mechanical properties. While this purports that mechanical
transcription factors such as YAP/TAZ may be increased due to these factors, it is still
unknown precisely why hepatic genes in particular are upregulated in the 3D culture.
Mechanisms behind this are clearly exerted in part through mechanical means as the physical
microenvironment is the most significant variable changing in between the two culture
conditions. It would therefore be of great interest to investigate in further detail the exact
molecular pathways that are triggered or suppressed as a result of 3D mechanotransduction
and how these directly relate to the functional changes seen. This study, alongside a large
body of literature, helps in providing a strong correlation between using a three-dimensional
topography and more physiological qualities in cells. Understanding is increasing with each

study performed in this field, however it is clear that there is still a long way to go to uncover
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the full extent of the processes involved in mechanotransduction.

A step towards understanding this more greatly would also be to dissect whether there are
functional properties that remain enhanced in primed cells that continue to increase towards
more physiological levels. It is possible that priming and reseeding into a secondary culture
continues to amplify certain biological processes, but currently the data so far points towards
the benefit of priming lying in better preparing cultures for a 3D environment. It would be of
great interest then to have a more thorough investigation of the secondary spheroid model
over the time period of 7 days, perhaps with a time point at day 1, day 4 and day 7, and to
run similar transcriptomic analysis and functional analysis on the models at these stages. It
would be expected that expression of a number of the differentially expressed genes would
normalise over the secondary culture period, however it is certainly possible that some genes
already upregulated in the 3D primed cells would continue to rise. This would provide further

clarity as to how mechanical memory directly relates to functional memory.

A major consideration would be whether adding in additional cell types can further enhance
functional properties either during priming or in the secondary model. Fibroblasts for
example have been co-cultured previously with HepG2 cells which demonstrated increased
albumin secretion over monocultures (Lee et al., 2014), and with primary hepatocytes, co-
culturing with endothelial cells resulted in increased albumin and urea secretion along with
increased expression of ALB, CYP3A4 and HNF4a (Wang et al., 2018). Endothelial cells in
combination with hepatocytes make up 80-90 % of the cell populations in the liver (Wang et
al.,, 2018), with liver sinusoidal endothelial cells providing an essential role in vascular
function as well as maintain hepatic stellate cell quiescence, inhibiting fibrosis development
and preventing vasoconstriction (Poisson et al., 2017). One paper has shown that co-culture
with primary hepatocytes and liver sinusoidal endothelial cells results in both cell lines
simultaneously supporting maintenance of the differentiated phenotypes of each other, with
enhanced heterotypic cell-cell interactions being observed alongside increased albumin
production and CYP1A1, CYP1A2 and CYP3A4 activity (Kim and Rajagopalan, 2010). Similar
functional enhancement was seen with primary rat hepatocytes co-cultured with human
umbilical vein endothelial cells (HUVECs) (Unal et al., 2018) and even in HepG2 cells,
increased albumin and urea production was observed in co-cultures with HUVECs (Guzzardi

et al., 2009).

Based on this body of evidence, some preliminary experiments were run as part of this study

using the Sk-Hep1l cell line; a human liver adenocarcinoma cell line which are endothelial in
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origin. Initial experiments using HepG2 and Sk-Hep1 cell lines showed potential promise in
creating an even more functional model. When cultured individually in 3D, HepG2 and Sk-
Hep1l cells populated the substrate very differently (Figure 7.3). When co-cultured, HepG2
cells and Sk-Hep1 cells seemed to compartmentalise within the Alvetex® Strata substrate,
and interestingly, when Sk-Hep1 cells were grown on the bottom of the well to condition the
media with paracrine signalling, the HepG2 cells on top of the substrate seemed to grow
significantly slower. It was thought that this may be down to paracrine signalling making
HepG2 cells less proliferative and supporting quiescence, so a live-cell imaging migration
assay was performed to test whether this was the case. Figure 7.4 shows the results of that
assay, and after using TrackMate software on Imagel, it was clear that Sk-Hepl pre-
conditioned media significantly slowed down the speed of migration in HepG2 cells as well
as decreasing the migration distance. This was also the case for Sk-Hep1 cells grown in media
pre-conditioned from HepG2 growth, with significantly lower migration distances and
speeds. This indicated that both cell lines were having a significant paracrine effect on the
other cell line’s growth and could indeed be an indication that co-culture helps maintain

phenotype and reduce proliferation.

To check for any altered function, both a urea and albumin and urea assay were performed
on the paracrine and co-cultures in the 3D priming model alongside 2D HepG2 cells and 3D
primed HepG2 cells grown for 8 days, with results normalised to total protein (Figure 7.5).
Both albumin and urea production were increased in 3D HepG2 cells over 2D as seen in the
functional characterisation chapter. For urea assay, both paracrine and co-cultured
conditions exhibited significantly enhanced urea secretion over both 2D and 3D HepG2 cells.
With albumin however, the secretion did not significantly increase over 3D cells in either
paracrine or culture conditions which was an interesting contrast to the urea secretion. This
increase in urea secretion does suggest that Sk-Hep1 cells are able to enhance functional
properties over a standard monoculture 3D priming model. As no enhanced albumin
secretion was observable, it suggests that using an immortalised endothelial cell line seems
to result in less enhancement when compared with primary endothelial cells which were
used in other co-culture studies where albumin production was significantly raised. It was
interesting to note that the paracrine condition seemed to have a stronger effect on the
albumin and urea secretion than the co-culture, which actually appeared to decrease

albumin secretion over the 3D monoculture of HepG2 cells. It is important to clarify that this
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Figure 7.3 Alvetex® Strata is able to support co-culture of HepG2 and Sk-Hep1 cells.

H&E stains of HepG2 cells (top left) or Sk-Hep-1 cells (top right) seeded at 1 x 10° cells onto
Alvetex® strata and grown for 8 days. Co-culture conditions are the bottom panel, with HepG2
cells seeded simultaneously with Sk-Hep-1 cells at densities of 7.5 x 10° and 2.5 x 10° cells per
insert respectively (co-culture, bottom left) or HepG2 cells seeded at 1 x 10° cells onto
Alvetex® strata, with SK-Hep-1 cells seeded onto the bottom of each well at 1 x 10° cells per

well (paracrine, bottom right) and grown for 8 days; Scale bars = 200 and 100 um respectively.
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Figure 7.4 Media conditioned with either HepG2 or Sk-Hep1 cells reduces migration of the

other cell line when cultured in the conditioned media.

Phase contrast images of HepG2 cells and Sk-Hep1 cells with a tracking overlay. Cell lines
were seeded at a density of 1 x 10° cells per coverslip, and either grown in untreated MEM
cell culture media (non-conditioned), or in MEM filtered from 4-day conditioned media from
the opposing cell line (conditioned — see methods). Tracking of cells over 3 days was
performed using TrackMate plugin on Imagel. Colour of tracking lines from Blue to Red

indicates increasing mean velocity. Scale bar = 200 um. N= 3.
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Figure 7.5 Paracrine 3D cultures with Sk-Hep1 cells increase urea secretion but not albumin

over monocultures.

Urea assay performed on media supernatants taken from HepG2 cells alone or in co-culture
with Sk-Hep-1 cells in either 2D or grown in Strata for 8 days. Normalised to protein
concentration, N= 2 n= 2, error bars = SEM Albumin assay performed on media supernatants
taken from HepG2 cells alone or in co-culture with Sk-Hep-1 cells in either 2D or grown in

Strata for 8 days. Normalised to protein concentration, N= 1 n= 3, error bars = SEM
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was a pilot experiment however and there were not sufficient repeats to draw full

conclusions based on this data alone.

Finally, to see if Sk-Hep1 cells could form hanging drops by themselves and as a co-culture,
2D grown Sk-Hep1l cells were cultured as hanging drops both as a monoculture and co-
culture with HepG2 cells, and these spheroids were compared with HepG2 spheroids formed
from 2D cells (Figure 7.6). The H&E images of these showed that Sk-Hep1 cells by themselves
are able to form spheroids, however the organisation of these spheroids was looser than
those formed from HepG2 cells, with clear space between the cells. In co-culture, the
spheroids with HepG2 and Sk-Hep1 cells failed to properly aggregate in many cases, and
when spheroids were formed, it was clear that they were poorly organised with evidence of
cell death occurring too. This suggested that co-culture with this specific cell-line would
perhaps be better suited to the priming stage rather than the secondary model, and that it
might be more beneficial to culture Sk-Hep1 cells on the bottom of the well for a paracrine

effect rather than in direct co-culture with the HepG2 cells.

Figure 7.6 HepG2 and Sk-Hep1 cells failed to make mature spheroids in co-culture.

H&E of SK-Hep-1 (left), co culture (middle) and HepG2 hanging drops (right). SK-Hep-1 and
HepG2 cells alone were seeded at 1x10° cells per drop, and in co-culture, Sk-Hep-1 cells were
seeded at 2.5x10% and HepG2 cells seeded at 7.5x107 cells per drop, and all grown for 10 days.
Scale bars: 50 um
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These results were interesting, however there is a large amount of further research that
could be done to clarify how Sk-Hep1 cells effect the HepG2 cells. Do the enhanced functional
benefits of paracrine culture priming have a further enhanced function in the secondary
model, and how are wider functions such as drug metabolism affected? Would Sk-hep1l
conditioned media work in further enhancing the functionality of 3D primed cells in the
secondary model? Would these results be amplified using HUVECs or liver sinusoidal
endothelial cells? It would also be interesting to see whether adding a third cell type such as
fibroblasts would make conditions even closer to the liver in vivo. These are all questions
that are still being explored in research without the added complication of additional
techniques such as priming cells, but making connections between techniques such as co-

culture and 3D priming could be essential in realising the full potential of in vitro models.

Thinking more widely than HepG2 cells, a particularly key aspect to explore is how can
priming be utilised beneficially in wider cell lines and wider applications. Primary hepatocytes
would be a key cell line to test this concept on, due to the known issues with
dedifferentiation in 2D culture (Kiamehr et al., 2019). 3D culture circumvents this to an
extent, enriching a range of functional processes (Lauschke et al., 2019), thus it is possible
that through the 3D priming technique, these qualities may be further enhanced. As
mentioned, there is evidence that priming can help tune the functional properties of stem
cells and epithelial cells but does this extend to other cell types that are strongly reliant on
mechanical cues in vivo? Some particularly interesting cells to test this question on would be
mammary epithelial cells, osteocytes, cardiomyocytes and many more cells that reside in
very distinctive mechanical niches. On the inverse of this, there is also the question of
whether 3D priming would adversely affect certain cell lines where in vivo conditions are
more two-dimensional in nature such as endothelial cells or simple squamous epithelial cells,
where their physiological state is more akin to a monolayer. Would priming these cells in 2D
benefit them more than priming in 3D, or would priming them be detrimental to
physiological function? Cell culture is certainly not a one size fits all solution, and one should
always choose the substrate with the mechanical dynamics of the original tissue in mind (and
this project has only gone to further prove the importance of that consideration), so it would

make sense for priming in 3D to make cells less physiological in certain cases too.

Another area to investigate would be making the models dynamic. The liver is an
environment under constant blood flow due to the high vascularisation present in the

lobules. Shear stress, a force exerted through fluids flowing over cells, is absent in static
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cultures, yet is an essential mechanical force that drives organogenesis (Freund et al., 2012;
Rashidi et al., 2016). One study has shown that by adding fluid dynamics to liver models, they
are able to significantly improve the metabolic capacity of the liver through increased
CYP1A2 activity (Rashidi et al., 2016). In addition, CYP2D6 appeared to increase in activity, as
there was a nine-fold increase in sensitivity when a drug known to interact with this enzyme
was applied to the perfused models. This demonstrates the role of the phase | enzymes in
increasing the drug sensitivity of models, and points towards the decreased sensitivity in the
3D primed models in this thesis being attributable to a higher ratio of phase Il to phase |
enzymes. Other studies have also shown increased expression of key liver enzymes in
perfused models (Shvartsman et al., 2009; Vinci et al., 2011). There is a clear rationale for
using bioreactors, with improvements over static models, and it would be particularly
fascinating to explore whether 3D priming can better prepare cells for input into a dynamic
model. Additionally, further research should be performed on the mechanical changes
occurring in the cell, through techniques such as atomic force microscopy for example to
measure the stiffness of the cells in different conditions. Migratory assays may also indicate
cytoskeletal changes that have taken place in the cells, resulting in altered motility. This
would add clarity to the underpinning structural changes that drive the resultant functional

alterations.

Finally, thinking beyond in vitro research, the benefits of priming may have a clear role in
cell-based therapies. Cell therapies involve implantation/grafting of viable cells into a patient
for therapeutic purposes. Based on the evidence from this study and from previous priming
studies, there is high potential for priming in preparing cells for such therapeutic uses. If one
can adapt cells to a three-dimensional physiological phenotype, then it is possible that
therapies such as these may benefit from these primed cells, with a faster uptake and better
acceptance in the patient. Priming may be even more beneficial in stem cell-based therapies
where cell differentiation could be tuned and directed to an extent before implanting in a
patient. It is clear that the concept of priming is an area of tissue engineering that is still in
its infancy, but this project demonstrates that there is potential to harness this technique for

a wide range of applications.
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7.5 Final conclusions

This project has presented a novel technique through which to culture cells on a 3D scaffold,
whereby their structural and functional properties are enhanced. These cells are ‘primed’ to
a 3D microenvironment and can be easily liberated from the priming substrate for reseeding
into a secondary culture. In this secondary culture, this study has shown significant structural
alterations are carried over from 3D priming in contrast to cells grown in 2D beforehand.
These structural differences are evident in both single cells, with altered cytoskeletal
properties, and in cell populations, with different growth patterns observed. These structural
changes in 3D primed cells are coupled with significantly enhanced functional profile too,
with very focussed enrichment in hepatic metabolic and biosynthetic processes. These
changes were detected through genome wide gene expression analysis and were
functionally validated proving a high level of reproducibility and robustness within the
models. The enriched functional processes were carried over to the secondary models after
the 3D priming period, however seemed to equilibrate with secondary models made from
2D cells after 7 days of growth as both conditions adapted to the new mechanical

environment.

This project was intended in part to develop a functional liver model, and it has
demonstrated enhanced function from 3D priming, but another key aspect was to
demonstrate a proof of concept that mechanically pre-conditioning cells exerts a sustained
effect on the cell biology even when moved to a different substrate. Both questions have
been addressed through a broad range of analytical and experimental techniques, ranging

from in-depth structural characterisation, transcriptomic analysis and functional validation.

It is possible that to create the most optimum in vitro model for the liver, one could combine
the concepts of mechanical priming, co-culture, chemical treatment and perfusion. The 3D
priming HepG2 model alone is not a perfect solution to liver research, with potential
challenges still present in reflecting in vivo responses to drug toxicity. However, ideal
physiological qualities are yet to be shown in any in vitro model, partly due to the inherently

non-physiological nature of culturing cells outside of the body. Regardless, this data has

376



shown that priming in a unique substrate geometry does bring the cells closer to their in vivo
counterparts in morphology, global structure, gene expression and in biosynthetic and
metabolic processes. Priming as a concept appears to help in creating a better final stage 3D
model due to pre-conditioning cells with a more physiological and three-dimensional
phenotype ready for functional testing. In addition, this has provided a broad range of further
guestions that can be explored in future mechano-biology research, with many aspects of
mechanical priming to be explored. This study presents an effective, practical and simple

method through which one can improve in vitro models.
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Appendix 1 — DESEQ2 data
explanation.
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The Deseq2 data is attached as an Excel file. This file shows the compared gene expression
data of genes showing 10 or more raw counts in one or more of the replicates between each
comparison of 2D HepG2 cells, 3D primed HepG2 cells, human liver and primary hepatocytes
(PHH). Each sheet of this spreadsheet shows a different comparison, with each column
outlining a key metric. Full explanations of these metrics can be found here

https://bioc.ism.ac.ip/packages/2.14/bioc/vignettes/DESeq2/inst/doc/beginner.pdf, but a

brief description will be outlined below.

The column headings are:

ensembl_gene_id This provides an ID for each gene using the Ensembl
nomenclature.

hgnc_symbol This provides an identifier symbol for each gene using the
HUGO Gene Nomenclature Committee

Description This provides a full gene description

log2FoldChange This provides the effect size estimate of the fold change
reported on a logarithmic scale of base 2

IfcSE This provides the standard error estimate of the
log2FoldChange value

pvalue p value indicates the probability that a fold change as

strong as the observed one, or even stronger, would be seen
under the situation described by the null

hypothesis.
padj This uses Benjamini-Hochberg (BH) adjustment of the P value
to account for false discover rate (FDR).
Fold Change This provides the fold change without logarithmic
transformation
BA_2DX_, These are the raw counts for the samples 2D HepG2, 3D
BA_3DX_, primed HepG2, human liver, and primary hepatocytes, with X
Egéng)?(gélx, being the repeat number.

BA_2DX_X_norm_count | These provide the normalised counts that corrects for library
size and RNA composition bias
(https://chipster.csc.fi/manual/deseg2.html)
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