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Abstract

The abity of cancer cells to disseminate from a primary tumour and invade via the breaching
of surrounding tisse vasculature is a hallmark of theetastatic phenotype. Cancer cells are
highly dynamic adopting a wide range of mechanisms in order to accompksanianced
migrational activity. This study looks at the mechanigmisind enhanced migration and
invasionin vitroin two highly aggressive cell lines in response to the heterocyclic aromatic
organic Isoquinolinone compounds. Here we show that the stmadlyy similar A5 and A3
compounds reduce adhesion of MBMB-231 cells to Fibronectin, Matrigel, and Type |
collagen which was paralleled in A5 treated HT1080 cells on these matrix components.
Compound A5 also induced 2D migration of M@B-231 cells on lhmatrix substrates. Cell
movement of MDAMB-231 cells through 3D matrices was modestly enhanced by A5 and
significantly enhanced by A3. Using gene expression arrays we were able to identify fifteen
genes whose expression was regulated by the isoquiondrcompounds and heavily
implicated in the process of cell motility. Moreover, we established that these genes are
differentially regulated by the compounds over a 24 hour period with expression typically

being more enhanced at the earlier time pointsdefand 8 hours and suppressed at 24 hours.

The main findings presented in this thesis reveal many proteins involved in cell motility that
have not been studied in MDMB-231 or HT1080 cells. These results lend support that
compound treated cell lines aehte several pathways in cell migration and invasion that
warrant further investigation to elucidate the precise mechanism of these proteins involved
and to develop novel inhibitors for some of the more obscurely studied, but heavily implicated

proteins sich as RhoQ.
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Chapter 1 Introduction

1.0Cancer
The human body contains a complex ecosystem of roughficg0s that interact with each

other and their environment through physical stimulation or chemical cues (Frank andkNowa
2004). The interacting network of cells however remains far from flawless, and may allow for
neoplastic transformation for a subset of cells which are then capable of proliferating
independently of internal or external signals, and are often immoredg¢set al, 2002).

Neoplasia involves stable cellular changes spontaneously or when a cell is exposed to a
carcinogen. This is the initiation of carcinogenesis, and are essentially irreversible changes in
predisposed somatic cells and their subsequengery (Seger et al, 2002; Frank and Nowak,
2004). Clonal events leading to somatic mutations affect genetic mosaicisim, and in turn cause
alterations in oncogenes, microRNA genes, and tursoppressor genes which ultimately

results in chromosome instabifitand loss of heterozygosity (Nigg, 2006). Whilst genetic and
epigenetic alterations are heavily associated with this type of defined abnormality in cell
behaviour, cancer etiology has provided identification of several other contributing factors
such as brmones, chemical exposure, radiation, infections, diet, and lifestyle (Silverstein et al,
2006).

The human cell has evolved cellular regulatory mechanisms to deter the fostering of a
cancerous phenotype. To prevent defects such as aneuploidy, celctyakpoints exist to

ensure faithful transmission of chromosomes from the mother cell to the daughter cells is
accomplished (Zhou and Giannakakou, 2005). The cell cycle is characterised by distinct phases
throughout its progression, this includes the Gaft¥) phase, Gap 1 (5phase, Synthesis (S)
phase, Gap 2 Bphase, and Mitosis (M) phase (Schafer, 1998). DNA damage checkpoints
exist at every phase to protect the cell from exogenous and endogenous genotoxic agents,
with the exception of the gpphasewhich is when the cell is in a quiescent state (Mulumbres
and Barbacid, 2009).  Alterations in DNA are sensed by biochemical signalling pathways
which inhibit the enzymatic activity of cyclic dependent kinases (CDKSs), the master regulators
of mitotic entry, and ultimately result in cell arrest (Mulumbres and Barbacid, 2009). If the
DNA damage is too excessive, or repair is hindered through genetically defective checkpoints
and DNA repair machinery, cells reprogram to enter a state of senescencejengon

apoptosis (Mulumbres and Barbacid, 2009).

The cancer associated phenotype comes into fruition when vital tumour suppressor genes that

normally function at checkpoints in the cell cycle harbour mutations. The retinoblastoma
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protein (pRb), and proteib3 (p53) are two welknown and thoroughly studied tumour

suppressor genes that lose their ability to function in many types of sporadic cancers through
frameshifts, deletions and premature stop codons (Poznic, 2009). In the case of pRb, cell arrest
between the Gto S transition is executed when an interaction is established with the family of
E2F transcription factors. When E2F transcriptional inactivation is alleviated due to a mutated
Rb protein, E2€ontrolled genes such @smycinvolved in the progession of the cell cycle are
constantly transcribed (Poznic, 2009). This dysfunction causes further unbalanced regulation
by crippling the expression of CDK inhibitors proteindiB"*“§ and protein 21 (p24*7/<'"}

which normally act to inhibit cycliBcdk2, a protein that phosphorylates pRb to promote
progression (Moustakas and Kardassis, 1998). Tumour suppressor genes can also be
suppressed from targeting by oncogenes and their resulting oncoprotein. In response to stress
signals at Gand G to M phase, p53 would normally induce arrest, however the upregulated
oncogene murine double minutendm2) binds the Nlerminal transactivation domain,

blocking p53 transcription (McCoy et al, 2008l).these factors combined lead to uncontrolled

cell proliferation and the classical phenotype associated with many forms of cancers.
1.1 The Extracellular matrix

In humans, and every other multicellular animal organism, all tissues and organs are
surrounded by the extracellular matrix (ECM) (Rovensky, 201%)c®implex network of
interconnected extracellular macromolecules provides essential physical scaffolding for
cellular constituents whilst delivering vital biomechanical and biochemical cues that generate
comprehensive tensile strength and elasticity forreunding organs (Frantz et al, 2010). More
precisely, the ECM includes the interstitial matrix and basement membrane, and is the defining
feature of connective tissue that supports, separates or connects differing tissues or organs

(Figure 11), (Rovensky2011).

Through dynamic reciprocal biochemical and biophysical dialogue between cellular
components and evolving microenvironment, each tissue in the body has a unique ECM that is
heterogeneous in composition and topology (Frantz et al, 2010). The itiomoof the ECM

can be characterised by an interlocking mesh of two main classes of macromolecules known as
the proteoglycans and fibrous proteins. In tissue, proteoglycans make up the majority of the
extracellular interstitial space and function to prde forceresistance, hydration through

unique buffering action, and binding through surface receptors (Hynes, 2012: Frantz et al,
2010). There are several families of proteoglycans characterised by their core proteins,

localisation and nature of the colamtly attached glycosaminoglycan (GAG) side chains.
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GAGs can be divided into sulphated and-saoifated, in which the former includes chondroitin
sulphates, keratin sulphates, heparan sulphates, dermatan sulphates, and the latter includes
hyaluronic a@ (Rovensky, 2011J.he fibrous proteins of the ECM, dubbed glycoproteins,
provide a structural supportive role that allows a stable rigidity between major tissues to be
maintained. They include collagens typell, Elastin, Fibronectin, Laminin, NidogeTenascin,

and fibulin (Rovensky, 2011).

Tissue organisation and maintenance depends on resting fibroblasts embedded in a
surrounding stroma which act to secrete and organise a repertoire of the previously
mentioned fibrous proteins and proteoglyesiin the ECM (Frantz et al, 2010). An example is
the essential glycoprotein Fibronectin, which directly assists with the organisation of the
interstitial ECM by mediating cell attachment and migration along the substrata. Through
exposure of its synerggite, tensed fibronectin modulates the adhesion assembly of the
integrin UBb1. Integrins are obligate heterodimeric cell surface receptors that mediate cell
ECM adhesion through their specialised structures termed focal contacts or focal adhesions.
They ontain two distinct chains termetdsubunit andb subunit which penetrate the plasma
membrane and consist of a large extracellular domain, a single membrane spanning region,
and a small cytoplasimdomain (Juliano, 2002). Igfgns are also involved in @®talk with
various growth factors via membrag@oximal interactions, or by intrinsic domains within the
ECM proteins that act as ligands for canonical growth factor receptors (Hynes, 2012). These
interactions spatially integrate specific signals in @ate microenvironment within the ECM,

and are important in controlling cell behaviour, survival, proliferation and differentiation (Brizzi
et al, 2012). Orchestrated remodelling is dynamically regulated and crucial to normal function.
A loss in tissuerganisation and aberrant behaviour of cellular components generates
pleiotropic effects which can lead to a stiffer matrix and ultimately tumourigenicity (Campbell
et al, 2010).

<\ Fibroblast

Collagen

Fibronectin

Hyaluronic acid

S Glycosaminoghycan side chain

)’- Proteoglycan subunit

Figure 11 the extracellular matrix
A. Depiction of the extracellular matrix surrounding lymphatic or blood vessels.
B.A key representindie individual components of the extracellular matrix.
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1.2 Tumour metastasis

1.2.1 Metastasis

In both health and disease tfanatomical status quo, or tissue homeostasis, is reliant on a
complex physicochemical process known as cell migration (Fridel et al, 2011; Schwab et al,
2012). The process of cell migration attains a central importance which is adopted by a
plethora of oganisms ranging from humans to plants, and even single celled organisms such as
the amoeba (Ridley, 2003). In humans, cell migration orchestrates many essential physiological
and pathological events such as morphogenesis throughout embryonic developissug t

repair, and immune surveillance (Ridley, 2003). Generally from early development spatial
arrangements of tissues from different organs of the body are established via complex
programming. The temporal stability of tissue organisation is then depdrateseveral
mechanisms that act to restrain the intrinsic locomotory capabilities of cells (Wakefield and
Hunter, 2007). In the mammalian body, cells primarily migrate within three dimensional (3D)
tissues altering their shapes, kinetics and stringenitly the surrounding environment to

carry out the process (Friedl and Wolf, 2009). The transient migration of single cells from a
primary tissue is driven in a directional manor through the coupling of the cells motility
machinery to a motogenic sign@etie et al, 2009) Cells can undergo chemotaxis, durotaxis,
electrotaxis and haptotaxis which is the response to soluble cues, environmental mechanical
signals, electric fields and gradient of substrate bound chemoattractants on the ECM or

existence of loal adhesion gradients respectively (Petrie et al, 2009).

Chemical exposure, genomic instability and modified microenvironment signals can alter the
migratory behaviour of native cells, which in turn may lead to the onset of many diseases, such
as chronignflammatory disease, vascular disease, mental retardation, tumour formation and
metastasis (Ridley, 2003). Metastasis is a poorly understood component of cancer
pathogenesis which currently accounts for one in four deaths in the UK each year , with an
overall recorded death toll of 157,000 people in 2010(Chaffer and Weinberg, 2011; Cancer
research UK, 2012). It involves the local dissemination of neoplastic tissue from primary
tumours into the space of surrounding tissue whilst causing a disorganisdtanar

boundaries between contiguous tissues in the process (Yamaguchi et al, 2005).
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1.2.2Stromal cellsn metastasis

Fibroblasts are a main component of solid tumour stroma and are responsible for the growth
of primary tumours that will eventuglimetastasize to distant tissue vasculature. They
become generally known as cancer associated fibroblasts (CAFs) and can aid tumour cell
proliferation, angiogenesis, and metastasis (Chen et al, 2012). One well known example is CAFs
aid in the heterogeneosidisease breast cancer. Breast cancers form within the breast ducts
where they progress from a normal pathology to a ductal carcinonsstu, in which cancerous
cells have proliferated to fill the lobules, and finally an invasive ductal carcinoma, iwltieh
breach of the basement membrane and invasion into surrounding stroma (McSherry et al,
2007). CAFs constitutively secrete a major source of the chemokine strorrdeicedd factor
1/C-X-C motif ligand 12 (SBFCXCL12) which is essential in promgtiumour growth. This
chemokine binds and activates the G protemupled receptor CXCR4 located on breast cancer
cells which activates signalling pathways such as AKT (protein kinase B) or Mittigated
protein kinase (MAPK) which are involved ia 8urvival and proliferation of cells (Luker et al,
2012). SDH also plays a part in mediating the recruitment of endothelial progenitor cells
which participate in pathologic angiogenesis. Secretion of a mitogenic factor called platelet
derived growth fator C (PDGE) by CAFs provides resistance to-antjiogenic therapy

ensuring a secure environment for malignant progression (Chen et al, 2012). In addition,
hepatocyte growth factor (HGF) is another important fibroblast secreted protein that
combines wih the cell surface-det receptor tyrosine kinase on cancer cells and promotes
angiogenesis and proliferation. Interestingly HGF also increases clonogenic survival of breast
cancer cells though phosphorylating Met which provides subsequent resistandaldadrs of

the epidermal growth factor receptor whichéssential for celnigration(Mueller et al, 2012).

It is believed that breast cancer cells instruct their surrounding fibroblasts to secrete HGF via
paracrine signalling, however the exact meclsamiof how this occurs is not quite fully

understood (Tyan et al, 2011).

Macrophages are myeloid lineage cells that are also present in the breast tumour
microenvironment and play a role in tumour metastatic progressionrddjlated autocrine
CXCL12 sigrialg has been indicated to induce the differentiation of monocytes into
macrophages increasing their presence in the surrounding stroma (Boimel et al, 2012). At
some stage during tumour progression cancer cells produce chemoattractants such as colony
stimulating factor 1 (CSE) and GC motif chemokine ligan@ (CCL2) which induces

macrophage infiltration and activation in the tumour (Lin and Pollard, 2007). Macrophages
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comprise up to 50% of the tumour cell mass in breast cancer and have been shown to be
eadaSYyGaAlf FT2NJ NB3IdzA | GAYy 33 (-dessityVasgiBrinevib&y A O & g A
through the secretion of angiogenic factors such as vascular endothelial growth factor (VEGF),
angiogenin (ANG)1 and ANG2 (Lin and Pollard, 2007). It has been esddgasmacrophages
become trophic for tumour cells because of the cytokine context of the microenvironment
which prevents maturation of antigepresenting cells (McSherry et al, 2007). Macrophages
also secrete several cytokines including transforming gndactor-beta (TGF 0 ¢ KA OK
initiates the dissemination of breast cancer cells in the early stages of metastasis (Williams et
al,2001). TGF A& | LR ISyl -messhdadn@INngition (EMTI) wihKiSid thel
change from an apicdilasal polaried epithelial phenotype to a more motile mesenchymal
phenotype with no distinct polarity (Vervoort et al, 2013). During this differentiation cells lose
classical markers of an epithelial phenotype such-eadberin, claudins, desmoplakins,
cytokeratins, ad zonula occludens (ZQ) These are substituted for markers typical of a
mesenchymal phenotype such aschidherin and Vimentin (Vervoort et al, 2013). TGF

induced EMT phenotypic changes are exerted through alterations in the expression of several
transcriptional regulators such as basic hédiap-helix domain protein Twistl,-Box repressor
Snail, Slug, zidinger Ebox binding homeobox (ZEB) ZEB2, Forkhead box protein C (FEIXC)
and FOXC2 (Zhang et al, 2012). These transcription factors caeripptiorally repres&-
cadherinexpression either directly or indirectly which results in a loss of epitheliatekll
adhesion and maintenance of the tissue architecture. Other transcriptional factors targeted by
TGH a4 dzZ8mX4IR¥elated HMG boxinduce the expression of mesenchymal markers N
cadherin, vimentin, and fibronectin (Zhang et al, 2012; Vervoort et al, 201@)nce breast

cancer cells adopt a mesenchymal phenotype and are liberated from the primary tumour
colony there migration isicected by the cytokine epidermal growth factor (EGF) which is
secreted by macrophages. Tumour cells and macrophagesgrate through a CSHEGF

paracrine loop which mutually accelerates their potential motility (McSherry et al, 2007).
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1.3 Proteass in Cancer

To migrate effectively cells must overcome many complex molecular parameters including the
organisation of cytoskeletal architecture, type of interactions between the cell and the matrix,
and the structural modification of directly surrounditigsue in consequence to migrating cells
(Friedl and Wolf, 2010). The ECM matrix hereby acts as an underlying substratum for cells to
migrate on but also a physical barrier towards advancing tumour cells that needs to be
overcome (Friedl and Wolf, 2003)east cancer cells utilise an actiniven translocation

method that uses proteolytic machinery to migrate on, or through tissue substrate (Friedl and
Wolf, 2009).

1.3.1 Matrix Metalloproteinases in tumour cell invasion.

During cell ingress breast canaslls transverse through tissue barriers whilst remodelling the
collagen matrix in a proteasgependent manner by members of the matrix metalloproteinase
(MMP) family (Hotary et al, 2000). MMPs are ziependent endopeptidases characterised

by a propeptide and catalytic domain linked to a hemopelike Gterminal domain via a
flexible hinge region (Kessenbrock et al, 2010). MMPs are synthesised asepepmes and
secreted as inactive zymogens due to an interaction between a cysteine residue of the pro
domain with the zinc ion of the catalytic domain (Kessenbrock et al, 2010). This latency is
maintained until proteolytic cleavage of a consensus sequence in thd@rain by

convertases occurs. Once active, the hempexin domain allows collagenasewvtidlda

helical interstitial collagens (Kessenbrock et al, 2010). Several classes of proteases are up
regulated in metastasis including MMPs, cathepsins, and serine proteases, of which the latter
two have only received attention in the more recent resga(Friedl and wolf, 2008). They

drive accelerated branching tubulogenesis that is associated with unconventional cell invasion.

Bartsch et al showed that several MMPs are constitutively expressed in highly aggressive
breast cancer cell lines including NPM.,, MMPR7 (Martilysin), MMP8, MMPR-10 (stromelysin
2), MMR11 (Stromelysit8), MMR13, MMR14 (MTMMP), MMPR15 (MT2MMP), and MMP
16 (MT3MMP), (Bartsch et al, 2003). Other MMPs such as NMgelatinase A) and MM®
(gelatinase B) are upegulated throwgh integrirligand binding that transduces signals from
the ECM to activate specific regulatory signalling pathways that induces there expression
(Baum et al, 2007: Maity et al 2011). Most MMPs are secreted as inactivenpymes that

are activated whenleaved by extracellular proteinases. The exceptions are-MWP, MT2

MMP, and MTaMMP which contain a transmembrane domain signifying these proteins are
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expressed at the surface rather than secretBtigrbroek and Stack, 1999). Sabeh et al and
Weiss haveshown that the membran@nchored metalloproteinases are absolutely essential in
negotiating the ECM. Inhibition of MIMMP heavily restricts the cancer cells ability to
transmigrate through a heavily creeked network of type | collagen fibrils (Sabehag 2009:
Ota et al, 2009)Other important proteolytic enzymes in tumour induced invasion include the

cysteine proteases such as cathepsins B (Radashanda et al, 2012).

1.4 Cytoskeletal changes when the cell is navigating the extracellular

matrix

1.4.1 Lamellipodia and Filopodia formation

The cell motility cycle usually commences with a migrapommoting agent such as a

chemokine or through adhesion receptor mediated signalling which causes the cell to polarize
and extend leading protrusions in tierm of a pseudopod in the direction of migratigRidley,
2003) This mode of action is dynamically carried out by the cytoskeleton which is what cancer
cells use to orchestrate protrusive migration (Machesky, 2008)the cell there are three

typesof cytoskeletal proteins including microtubules, intermediate filaments, and actin
filaments. Metastatic cancer cells use the latter to underpin protrusions that allow them to
invade through the surrounding vasculature (Stevenson et al, 2012). Indigictimmolecules

are globular proteins, termed-&ctin, which are 43 kilodalton (KDa) in size with three isotypes
6hs X FYyR +0 GKFEG NBFERAf&@ LRf@YSNRATS O2yOdaN
triphosphate (ATP) to form thin flexible fibres callednfintous actin (Factin),(Jiang et al,

2009). Research has shown functional polarity in the growth of these filaments which can be
defined by a slowgrowing pointed end, referred to as the minusénd, and a fasgjrowing

barded end which is commonly refed to as the plus (+) end (Mullins et al, 1998). Actin
filament assembly is regulated by heterodimeric capping proteins such as gelsolin and CapZ
which inhibit the addition or loss of actin subunits at the barbed ends ensuring @efeied

cellshape for motility is achieved (Cooper and Sept, 2008).
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Actin assembly and dendritic nucleation is mainly controlled by the seven subunit protein
complex, the actirrelated proteins 2/3 (Arp2/3) complex. The Arp2/3 complex is composed of
two actinrelatedproteins, Arp2 and Arp3, and also five structural subunits referred to as p41
Arc, P34Arc, p21Arc, p26Arc, and pl6Arc (Welch et al, 1997). The activity of the Arp2/3
complex itself is controlled by actimucleation promoting factors such as WASP Kéfis

Aldrich Syndrome Protein) and SCAR/WAVE (suppressor of cAMP receptor/WASP Verprolin
homologous), (SosseMaoui, 2005). The WASP protein is expressed exclusively in
hematopoietic cells; however-W/ASP, a ubiquitously expressed homolog of WASP cautes
many of the same functions in cancer cells (Westerberg et al, 2012). The SCAR/WAVE
subfamily contains three members called WAVEL, WAVEZ2, and WAVE3 which all attain non
redundant roles in cell migration (Soss&laoui, 2005). Members of the SCAR/WAWE a

WASP family share a tripartite VCA (Verprolin homology, Cofilin homology, and Acidic) domain
and thatactivity is governed by upstream Rho GTPases involved in the regulation of the actin
cytoskeleton (Sosseflaoui, 2005).The Rho GTPases are a subgiothye Ras superfamily of
GTPasewith three family membersincludingRacl, RhoA, and Cdc42, whiclve been well

studied incellular locomotion (Jiang et al, 2009). Rho GTPases act as sensitive molecular
switches that cycle between an inactive GlRindstate and an active GT#dund state. This
process is carried out by GTPase activating enzymes (GAPs) and Guanine nucleotide exchange
factors (GEFs) respectively, and allows active Rho GTPases to interact with a plethora of

different downstream effectors @ri and Chiarugi, 2010).

Protrusions can take form as large broad lamellipodia, or if microspikes within the lamellipodia
spread beyond its own frontier, they are termed filopo@Ridley et al, 2003).amellipodia

formed by the initial propulsion are thmain organelle for cell locomotion .These sheet like
protrusions are structurally defined by long unbranched actin filaments at the base of the
lamellipodium which progress into a highly lateral branched actin netasrg&hown in Figure

1-2 (Machesky, 208). Metastatic cells are generally rich in filopelika structures which can

be described as rotike extensions formed by crodisked actin filaments that penetrate into

the cell wallas shown in Figure-2. These structures detect signals from thersunding
environment such as chemoattractants or nutrients acting as a sensory organ for the cell
(Yimaz and Christofori, 2009).

Members of the WAVE family function downstream of Rac and are involved in the formation of
lamellipodia. Members of the WASBbfamily are downstream effectors of Cdc42 and are

thought to be involved in the formation of filopodia, however their role in this is much less



19

clear(SosseyAlaoui, 2005). RhoA is known to regulate the actin cytoskeleton in the formation
of stress fibes through its downstream effector protein ROCK1 (R$snciated, coiledoil

containing protein kinase 1), (Jiang et al, 2009).

N-WASP exists in an autohibited conformation due to an occludedt€@minus which occurs

as a result of interacting with thgroteins Nterminus (Pollitt and Insall, 2009). Unlike/WASP,
SCAR/WAVE proteins do not exist in an antobited form but rather a pentameric complex
consisting of four additional subunits, namely, Sral/PIP121, Abil/2, Napl and HSPC300 (Pollitt
and Ingll, 2009). ¢ KS 2 ! {t & dzarhibitiriid réle@sed Hy tr cdmpetitive binding

of Cdc42 and the phospholipid RIVhilst the SCAR/WAVE proteins are activated and

regulated by Rac indirectly through intermediate molecules such as the insutiptoec

substrate IRSp53 which brings the proteins together (Yamaguchi and Condeelis, 2007). The
nucleation promoting factors then activate the Arp2/3 complex through the binding of their

VCA domain which brings Arp 2 and Arp3 subunits together formingtiae ,gaseudeactin

dimer (Pollitt and Insall, 2009). This allows profilin bourgc@n monomers to bind to the plus

end of Arp3 to complete a trimeric nucleus that reduces the kinetic barrier of actin nucleation
and promotes rapid polymerization. In tkentext of lamellipodia formation, new actin
FAEFYSyda oNryOK G F Ttnel y3f SlinkediZnigotrop § KSNJ F
meshwork of actin that pushes the plasma membrane forward and expands it laterally (Pollitt

and Insall, 2009).

The twodominating cell periphery organelles are interchangeable through the Ena/VASP
family of proteins, which includes the mammalian homologues Mena (Mammalian Enabled),
VASP (Vasodilattimulated Phosphoprotein), and EVL {&#eSR ike), (Applewhite et al,

2007). Ena/VASP proteins are localised at sites of dynamic actin turnover such as focal
adhesions, the leading edge of protruding lamellipodia, and the tips of filopodia. They interplay
with other key proteins such as Diaphaneetated formins (mDia) ands$cin to initiate this
membrane shaping. mDia is relieved from intramolecular anhibition by RhoA GTPase and
then acts by sequestering Ena/VASP from storage sites close to the leading edge, so that it may
act at the leading edge(Homem and Peifer, 208@scin, on the other hand is an aetiwss

linker that compacts actin filaments into straight, rigid bundles with distinct mechanical
stiffness orientated orthogonally to the membrane (Yang et al, 2012). Ena/VASP proteins are
essential in actifiilamentelongation and are hypothesised to function by antogonizing actin

filament capping proteins (Bear and Gertler, 2009). They also contain a polypiohinaotif
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which binds with a high affinity to profilirG-actin complexes providing a mainstream of acti

monomers for polymerisation (Bear and Gertler, 2009).

There are several other Rho GTPases have been implicated in having a role in cell migration,
but have been less well studied. Examples include RhoQ/TC10 and RhoJ/TCL which can also
interact with WASProteins and stimulate actin polymerisation (Ridley, 200hjs highlights a

potentially more complex mechanism in cell migration tefald with future studies.

Actin filaments

Filopodia % AN

Lamellipodia

Figure 12 Morphology of the leading edge of a migrating cell

Diagram depicts a basic visual representation of both the lamellipodia and filopodia
migrating cells.
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1.4.2 Invadopodia

Invadopodia are described as aetioh ventral membane protrusions found specifically on
cancer cells that allow them to move into, or through a thdémensional matrix (Yilmaz and
Christofori, 2009). Mechanisms regulating invadopodium assembly and maturation are still
not fully understood. Invadopodiare composed of many components that help facilitate its
structure with the initiation of its formation being through Integrimediated adhesion to the
ECM. This causes Src to become activated and allows for phosphorylation of,thexRiifed
scaffold potein Tks5. Phosphorylated Tks5 generates a specific binding site to the SH2
domains of Nck adaptor proteins, Nck 1 and Nck2. This allows for indirect association of Tks5
with N-WASP which is bound to the Arp2/3 complex. Cortactin also associates-WihI¥

and the Arp2/3 complex forming an active complex through WASP interacting protein (WIP)
and dynamin. Together these proteins compose a rsuitiunit actinregulatory complex that

regulates invadopodia formation (Stylli etal, 2009).

Cofilin is a smallbiquitous protein that is also essential in regulating actin dynamics in
invadopodia formation. It functions to depolymerize filaments to generate free actin that can
be recycled for another round of polymerization. Typically cofilin accomplishes thigtumy of

its severing activity which increases the number of free pointed and barbed ends (Yamaguchi
and condeelis, 2007). In the initiation of invadopodia formation cortactin is bound to cofilin
inhibiting its severing activity. Phosphorylation of catta leads to the dissociation of cofilin
and allows for the generation of barbed ends from severed actin filaments to support Arp2/3
dependent actin polymerization (Oser et al, 2009). After barbed end formation cortactin is
subsequently dephosphorylatedhich blocks the severing ability of cofilin and thereby
enables invadopodia stabilization and degradative capdEigure 13), (Murphy and
Courtneidge, 2009).
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Actin filaments

Plasma membrane [

Cancer cell
ECM

\! =
| Membrane tethered MMP

Figure 13 Structure of a mature invadopodium in the ECM

Formation occurs through recruitment and activation of the Arp2/3 complex and WI
Phosphorylation of Tks5 and cortactin by Sneses binding of Nck 1 and Nck2 to TksE
Subsequently cortactin and Tks5 bind\Wsp and the Arp2/3 complex which generate
a complex with WIP and dynamin. Cortactin phosphorylation also leads to cofilin
dissociation and actin polymerisation. PresentatioddfF-MMP at the tip allows for
the activation of secreted MMP2 enabling local degradation of the ECM.
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1.5Adhesion, cell migration, and Invasion

1.5.1 Adhesion formation

For migation to occur, the protrusion must anchor to the ECM through integrins that form a
cluster of anterior focalised adhesion complexes (Friedl and Wolf, 2009). Without adhesion,
the protruding membrane folds back to the dorsal surface of the cell resultingeimbrane

ruffles without distinct polaritylntegrinextracellular domais bindto ECM proteins through

their sequence specific motifs (Parsons et al, 2010). This binding of extracellular ligands
induces a conformationahange that exposes integrshott cytoplasmic tails allowing linkage

to the actin cytoskeleton. This intracellular interaction is mediated by severallziotimg

LINE { S A y &actiidz@ln, ahdvinculin (Takahashi, 2001). Binding of these proteins
triggers the indirect recruitrant of several other essential scaffold and signalling proteins such
as paxillin, FAK, and PI@Kgure 14A)(Parsons et al, 2010). Clustering of these proteins leads
to a transition between nascent adhesions at the protruding cell edge that are tension
independent, to mature focal adhesions that serve as traction points to pull the cell body
forward (Lawson et al, 2012). Shdited nascent adhesions are not associated with the
contractile actin stress fibre network and form independently of nonmusclesimyid, a major
component in actomyosimediated cell contraction. This prevents premature contraction

from occurring during cell migration (Choi et al, 2008). Due to the multivalent nature of the
ECM, the initial engagement typically forms many siedke clusters of early maturing
adhesions called focal complexes which are larger than nascent adhesions (Ridley et al, 2003).
The rate of adhesion formation is coupled intimately to actin polymerization and organization
(Huttenlocher and Horwitz, 2011). Beten the lamellum and lamellipodium a transition zone
for actin organization where adhesions in this region elongate centripetally along thin actin
filament bundleds observedHuttenlocher and Horwitz, 2011). The initial stages of this
maturation proces is dependent on the actin crosslinking activity of myosin lIGactinin

which then go on to form thick actin filament bundles and focal adhesions at the later stages
of maturation (Choi et al, 2008). The Arp2/3 complex which drives membrane expansion also
transiently localises to sites of new adhesions where itvslved in proper adhesion assembly,

with its loss leading to disrupted global adhesion alignment (Wu et al, 2012).

Alterations of the integrin expression profile during migration govern the nature of the cells
movement on the matrix. A balance betweBac and RhoA is crucial for spatiotemporal
coordination of cytoskeletal dynamics and is modulated by the expression of different

integrins (Huveneers and Danen, 2009). Integhbl expression mediates Rhé#duced
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contractility, whereasVb3 is recruited in a Reependent manner and promotes persistent

cell migration characterised by a broad lamellipod with static adhesions. Conversely, there also
SEA &l a -2 dei O AmHuMARERN Migration where integrins regulate the Rho GTPases
and vice versa. RhoA induces the formation of focal adhesions whilst Rac and Cdc42 induce the
formation of peripheral focal contacts. Integrins in resting cells exist iralifinity and low

avidity states which then under the control of these Rho GTPases cluster into oligomers via an
interaction with the integrin tails which affects their conformation allowing for enhanced

access to the ECM ligands (Schwartz and Shattil, 2000).

Integrin endocytosis and recycling is important in influencing their function during cell
migration. The trafficking of integrins is regulated by the small GTPases&asated binding
(Rab) family or proteins which act as molecular switches regulating vesictptnd (Shin et al,
2011). The major endocytosis mechanisms are through clatheédiated endocytosis,
caveolaemediated endocytosis, and clathriand caveoliindependent endocytosis. It is
assumed that depending on the type of integrin and its locatinrihe cell will determine the
route of internalisation. Internalised integritecaliseto early endosomes and then are
recycled back to the plasma membrane either quickly in a Rigpéndent manner, or further
trafficked and then recycled in a Rab11 dagdent manner (Shin et al, 2011: Kawauchi, 2012).
This recycling allows for minute-minute control over integrin function and in cancer is
effective for the delivery of ECM receptors to the invadopodia in a dynamically changing
environment(Figure 4B)(Shin et al, 2011: Kawauchi, 2012).

Fibronectin
A B Integrins

.
. . Cell membrane
Integrin a-subunit : @Integr\'n B-subunit  Clathrin-coated vesicle ﬂ

Vinculin

Cell membrane F

a-actinin

Rab4
Fast Recycling

<= FAK Y7 ol
Arp 2/3 complex 3
Rab11

Slow Recycling

Caveosome

Figure 14 Integrin based adhesion and recycle in cancer cells

A) Integrins bind the ECM aridK them to polymerised actin filaments through adaptor
LINE 0§ SAYya O agfiddZ&AK ig rEcruitdd indl i Bstrimental in the development
adhesions. B) Recycling of integrins through claitwited or caveolin dependent
mechanisms. Rapiecycling (short loop) to the cell surface is through Rab4 whilst
prolonged recycling (long loop) is through Rab11.
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1.5.2 Migration and invasion

In order to migrate the cell body must modify its shape and stiffness in order to interact with
the surrounding ECM, reducing physical stress and creating gaps and(Figtke 15), (Friedl

and Wolf, 2009). The cortical actin cytoskeleton branches and expands the cell body pushing
against ECM fibers being aided by proteases that perform local pericellular proteolysis by
sequentially cleaving perpendicular fibres to generate sgaceéhe nucleus to slide across the
ECM (Friedl and Wolf, 2009)he sheer traction associated with focal adhesions can deform

the elastomeric substrate, increasing matrix stiffness, and thus playing a vital role in effective
motility (Balaban et al, 2001)

Integrin attachment to the ECM promotes the expression of several MMPs which are recruited
to sites of adhesion (Murphy and@tneidge, 2011). For example, Src phosphorylation of the
cytoplasmic tail of MT-MMP facilitates an interaction with the FAK3G*complex which
targetsMT1-MMP to focal adhesions (Wang and McNiven, 2012). This then allows jointly
enforced compartmentalization and activation of other MMPs such as M MTIMMP

and integrins that facilitates more proficient degradation (étial, 2012). MTMMP binds to
native type | Collagen and various other ECM components via its hemopexin C domain and
cleaves it intd¥a and Ydragments which are then subsequently degraded by the gelatinases
MMP-2 and MMP9 (Friedl and Wolf, 2003).

During invadopodided migration of cells through the basement membrane perforation occurs
as a result of localisation of MMPs to the invadopodia which is key in the structures
maturation (Murphy and Courtneidge, 2011). There have been numerous ways idkitifie

the method of delivery of MT-MMP to the invadopodia. Endocytic recycling of MMIUP
regenerates a significant fraction of the active enzyme to the cell surface. Through elathrin
and caveolaenediated endocytosis MFMMP is successfully internalizea its 26amino-

acid cytoplasmic domain which binds the p2 subunit of the2ARathrin adaptor complex. Src
phosphorylation of MTMMP impedes binding to the ARclathrin adaptor complex and
prevents endocytosis. Additional phosphorylation of endoptinby the Sr&AK complex of
also reduces endocytosis of MMMP by reducing endophilin A2 affinity with GTPase
dynamin 2, a protein involved in fission of endocytic membranes. The-GReiEhdent

pathway which mobilizes MTMMP from the secretory pathwagnd delivers it from a storage
compartment to collagen contact sites also occurs and acts as a delivery mechanism for the
MMP in invadopodia (Poincloux et al, 2009). A more recent model sugg&gs3P

recruitment of MTEMMP from Rab7 late endosome cargesicles to actin rich regions
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generated by NWASP. Once resident in the invadopodidMRSP stabilizes MAMMP

through direct tethering of its cytoplasmic tail tealetin networks allowing for effective

receptor targeting of degradtive machinery (Yu eal, 2012). There also exists an important

role between the coordinated actions of the actin cytoskeleton and exocytic machinery. Both
Cdc42 and RhoA regulate association of IQGAP1, a protein that links microtubules and actin
cytoskeleton networks, with thexocyst vesiclelocking complex. Together these proteins
control docking of MT-MMP transport vesicles to the invadopodial plasma membrane
(Murphy and Courtneidge, 2011). As the cell moves there is a generation of loose ends of ECM
fibres by focal protegfttic cleavage. Secondary remodelling through secretion of ECM
components creates an orientated, realigned ECM scaffold that is stable and linear. This new
track takes form of a hollow tube that is approximately the diameter of a single cell and
supports réatively persistent forward gliding of subsequent follower cells (Friedl and Wolf,
2009).

During migration mehanosensitive focal adhesions localiseéa@ myosin Il containing-&ctin
network where Factin from the leading edge has been transportedhe tell centre in a

myosin Il dependent process called retrograde actin flow (Stricker et al, 2009). The myosin |l
complex is comprised of two nhonmuscle myosin Il heavy chains, two essential light chains, and
two regulatory light chains. Mysoin Il activis mainly controlled through phosphorylation of
the myosin light chain which is mainly regulated by myosin light chain kinase, a
Cd*/Calmodulin (CaM}lependent effector. Mysoin Il has also been shown to be regulated by
Rheokinases and myosin phosphataa®the downstream effector of RhoA, ROCK,
phosphorylates myosin light chain kinase (Niggli et al, 2006). In some breast cancer cell lines
there are two isoforms of myosin Il expressed termed IIA and 11B. The myosin 1B isoform
primarily attains a role ithe mechanics of lamellar protrusive events, whilst the myosin IIA
isoform is important for normal migration (Betapudi et al, 2006). T#er@inal domain of

myosin integrates into filaments allowing their head domains to tether actin filaments and
through hydrolyses of ATP exert filament sliding (Vicekt@nzanares et al, 2009). This process

is what primarily controls translocation of the cell body across the matrix.

Adhesive release at the rear of migrating cells involves disassembly of integrins eviEiC i

or severing of integrin linkages with the cytoskeleton (Huttenlocher and Horwitz, 2011). The
rearmost adhesion sometimes strongly tethers the cell to the substratum which results in a
long tail that generates enough physical tension to disrupt iflealge (Ridley et al, 2003). This

retraction is spatially regulated by myaosin Il which aids in directing traction forces centripetally



27

and allowing for detachment at the rear. Intracellular calcidependent protease calpains

also plays a role in rear emgtachment by proteolytically cleaving several proteins found in

focal adhesions such as paxillin, talin and FAK (Huttenlocher and Horwitz, 2011). There is also
evidence to suggest that SFAK signalling mediates adhesion disassembly at the rear as well
as the front of the cell through phosphorylation of myosin light chain kinase and ERK (Webb et
al, 2004). In breast cancer the RRB®CHKnysoin Il cascade at the cell rear has been shown to
exert substantial traction forces on the ECM throtghintegrinsthat a significant propulsion

through the matrix is gerrated (Poincloux et al, 2011).

Highly vascularised tumour

Blood vessel %

— Extracellular matrix

% Malignant cancer cell

Figure 15 Cell migration: a five step process

Figure epresents individual cell migration and invasiBnotrusion of the anterior
pseudopod(Step 1pccurs which binds the surrounding ECM through focal contacts
generating traction forc€Step2). When cells invade the additional step of ventral
membrane protusions which focally cleave and remodel the surrounding collagen
substratum slightly backward of leading adhesion dig&tep3). The generation of
actomyosin contractions allow for cell body translocation in the direction of migré8tep
4) which is bllowed by the disassembly of focal contacts at the cellular {(@tp5).
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1.6 Cell migration and Invasion is governed by dynamic signalling

pathways

Intracellular signalling is necessary for many processes such as proliferatioralsuamgvation

and invasion. The aberrant behaviour of complex and highly regulated network of pathways
leads to the adoption of a malignant and invasive phenotype. This provides a heavy incentive
to understand the mechanisms behind delineating pathwaythisfprocess identifying

whether they have become hypactivated or attenuated as a result of genetic lesions
(Ellerbroek and Stack, 1999). The current literature has already identifay signalling

pathways that in some way enhance breast cancemaetility and invasive potential.
1.6.1 The PI3K/AKIMTOR signalling pathway

The phosphatidylinositol-Rinase (PI3KAKF mammalian target of rapamycin (nTOR)

pathway plays a key regulatory function in cell proliferation, metabolism, survival, apgptosis
and migration(HernandezAya and Gonzalezngulo, 2011). The PI3K are a family of lipid
kinases that generate lipid secondary messengers by phosphorylating phosphoinositides at
the D-3 position of the inositol head group (Yamaguchi et al, 2011). In nadsniime PI3Ks are
subdivided into three classes based on their substrate specificity, regulatiagme domain
structure and sequence homology (Cain and Ridley, 2009). Class IA P13Ks"(RI3K/t iLX Y
andPI3BK +t 0 I NB (GKS Yz2aid adGddzRASR Ay OFyOSNIIFyR O
(p110) with a regulatory subunit (p85), (Hernandgm aml GonzaleAngulo, 2011). Class |l
PI13Ks contain three isoforms PiIBKki h =/ HIL @Y -/ R+ ELObYR FTAYIFff& Ofl
contain only a single isoform called Vps34 (Yamaguchi et al, 2011).In breast cancer there are
elevated levels of the p85 regulatosubunit with mutations in the Src homology domain 2
(SH2) region and amplifications of the pLidatalytic subunit. Together this and the loss the
pathway suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN)
can lead to aberrant @rexpression of the PI3k signalling pathway (Arboleda et al, 2003).
Price et al showed this pathway was primarily activated upon EGF stimulation of the EGFR
receptor on breast cancer cells (Price et al, 1999). Class IA PI3Ks p85 regulatory subunit
becomegyrosine phosphorylated and relieves the intermolecular inhibition of the p110
catalytic subunit that then phosphorylates 4bhosphoinositide (4,%IR) which in turn

generates the biologically active second messenger ddgsphatidylinositol triphosphie

(PtdIns (3,4,5) . (Yamaguchi et al, 2011: Geltz and Augustine, 1998pIBIRB a key role in

downstream signalling of several effector proteins such as AKT and phosphoidepeiedent
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protein kinasel (PDK1). Generated RBinds and recruits POKhrough its pleckstrin

homology (PH) domain to the cell membrane where #tamalises with AKT and partially
activates it by phosphorylation. AKT is then further phosphorylated by PDK2, or a variety of
other potential kinases, which allows it to becoffiudly activated. Active AKT translocates to
distinct areas within the cytosol or into the nucleus where it phosphorylates a host of
downstream substrates (Yamaguchi et al, 2011:Herna#dezand Gonzalexngulo, 2011).

AKT has been found to be dysreguthte a variety of ways in human breast cancers. There are
three isoforms of AKT identified, AKB1with AKT2 predominately promoting the most cell
transforming properties in human breast cancer (Cain and Ridley, 2009). BEMIhgT G-
phosphorylates and activates PI3K which stimulates AKT2 phosphoryEitiome 16). AKT2

has been shown to play a role in the sequestering and delocalisatiooaiiterin and tight
junction protein Z@L in early metastasis (Larue and Bellacosa, 2001 P13KAKT pathway,

along with other signalling pathways, is also involved in the expression, activation, and
secretion of MMP9 as a consequence of fibronectimegrin binding during migration (Maity

et al, 2011). This allows breast cancer cells wrate more readily as type IV Collagen, an
abundant protein of the basement membrane, is degraded by MMRohrmann et al, 2009).
AKT2 overexpression in cells is usually localised adjacent to collagen IV in the matrix and has
been associated with the ergssion obl integrins indicating its role further in invasion
(Arboleda et al, 2003). More recent research has shown thab ir@Bced PI3KAKT signalling
plays an important role in invadopodia biogenesis, &tid PIRrecruits essential podosome
compments Tks5 and MVASP which allows more rapid actin polymerisation. Furthermore,
whilst the full mechanism has still not been disclosed, it has been shown that the class 1A
LIMmnh &dzodzy A G A & -attin coldfandic@tiactin siiiSt@ezftii’d NJ 2 ¥ C
inhibition leads to blocked formation of invadopodia (Yamaguchi et al, 2011). Ai€fuiptes
many cell proliferation and survival protein targets such as Bad, tuberin, GSK3Db, forkhead
transcription factors and mammalian target of rapamycin (RJOnTOR exists a two

multiprotein complexes mMTORC1 and mTORC?2 in which the formers activation is dependent of
AKT and the latter is not (Hernand@ya and Gonzale&ngulo, 2011). The mechanism behind
MTORC?2 activation is poorly understood however héstised it may be through 80S

ribosome binding in response to growth factor stimulated PI3K signalling (Zinzalla et al, 2011).
Whilst mMTORCL1 function is primarily involved in protein synthesis, proliferation, and survival,
MTORC2 functions as an importaegulator of the cytoskeleton (Sarbassov et al, 2004). How
MTORC2 drivesdetin reorganisation and cell motility is still to be fully elucidated. It is

thought that mMTORC2 signals to small GTPases RhoA ,Racl and Cdc42 which induces the
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formation of actinstress fibres, lamellipodia membrane ruffles and actin microspikes

associated with filopodia formation (Liu et al, 2010).

Growth factor => Plasma membrane

Growth factor receptor => I d
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PIP l
P s
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Figure 16 schematic diagram of the PI3KKT signalling pathway

PI3K is activated downstream of growth factor receptor. The P110 sudfuRl3K
phosphorylates and activates RiFhich activates Pand leads to the activation of AKT.
AKT can activate mTORCL1 which leads to cell growth or along with mTORC2 regulate
small RhoGTPases involved in cell migration and invasion.

1.6.2 The Sré-AK signalling pathway

The Sarcoma Kina$®cal adhesion kinase ($fAK) signalling pathway is d@her well-defined
system that contributes to cancer cell metastasis and tumourgenesis. Src is one of nine
members of the Src family of kinases that regulates intracellular signalling induced by
transmembrane growth factors and cytokine receptors such &R G5F1R, and VEGFR
(Sancheailon et al, 2012)Src has a modular structure that consists of aeinal SH3
domain, a central SH2 domain, and a tyrosine kinase domain that attains an ATP binding site
and autephosphorylation residueSanchez®ailon & al, 2012) Src is involved in the formation

of focal adhesion complexes during migration and invadt@K is an intracellular nen
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receptor tyrosine kinase and major scaffolding protein composed of-wiinal FERM

domain, central kinase domain, a fé@alhesion targeting sequence, andg@minal domain

that has two prolinerich motifs which serve as binding sites for SH3 dornairtaining

proteins (Luo and Guan, 2010). FAK is phosphorylated and activated by cellular responses such
as integrin ECM enggement, or a variety of extracellular stimuli such as EGF, PDGF and HGF.
Binding of the SKSH2 domain with an autphosphorylated FAK creates a complex in which

Src undergoes a conformational change from a-aotivated state to an activated state and
phosphorylates FAK atveralsites SancheBailon et al, 2012). The SFAK complex is

recruited to sites of integrin clustering where it is acts as a major mediator of signal
transductions by cell surface receptors and regulates adhesion, migratiosjanyaurvival

and proliferation(Figure 17). Silencing of FAK in breast cancer cells diminished integrin
clustering and the formation of focal adhesions to the matrix indicating its importance in cell
migration. Several studies show that $#K regulatefocal adhesion dynamics and the
cytoskeleton networks they connect with. Upon EGF stimulation the scaffolding function of
FAK allows Src to phosphorylate several signalling molecules bound to other FAK sites
including the adaptor proteip130°°(Carryet al, 1998). p138°couples with another adaptor
molecule called Crkll which induces the recruitment of the guanine exchange factor (GEF)
DOCK180 to the cell membrane where it activates the small GTPase Racl involved in
generation of membrane rufflestizng et al, 2003). The phosphorylation of paxillin byF2

also allows it to couple with Crkll which relocalises it to focal complexes at the cell periphery of
lamellipodia. Here paxillin associates with an adaptor molecule called paxillin kinase linker
(PKL)which links it to pZdctivated protein kinase (PAK) through intermediary Coll/P1X
Cdc42/Rac GEF. PAK is a major translation point in Cdc42, Racl, and RhoA signalling to the
cytoskeleton and nucleus (Brown et al, 2002). PAK is recruited to RhdAdbesions where

it triggers turnover and also to the leading edge of cells enriched with nascent Cdc42/Racl
induced focal complexes where it may mediate maturation into RhoA focal adhesions (Brown
et al, 2005). In addition, FAK promotes the functi@saembly of a complex composed of

Src, FAK, Calpaihand p42 ERK that is also important in focal adhesion turnover, migration
and invasion. The extracellular regulated kinase (ERK)/mitogen activated protein kinase
(MAPK) is transported to focal adhessowhere it induces the activation of the protease

calpain2 involved in the disassembly of focal adhesions through cleavage of focal complex
components such &3 integrin and paxillin (Westhoff et al, 2004). Moreover integmituced
expression of MMP is through cross talk between downstream activated p42 ERK by FAK and

the PI3KAKkt signalling pathway (Meng et al, 2009). Other metalloproteinase such asMMP



32

are up-regulated by FAK signalling through enhanced activatiorJohdNterminal kinase
(INK).Additionally, the SKEAK complex phosphorylates Endophilin A2 which is implicated in
the endocytosis of the membrane tethered MMIMP at the cytoplasmic facef cell

membranes. Normally Endophilin A2 allows cells to control /MMP dependent proteolytic
activity; however its phosphorylation leads to increased accumulation of-MIVIP on tumour
cell surfaces (Wu et al, 2009)-WASRhosphorylation by FAK allowgo maintain its
cytoplasmic localisation and in turn encourage the facilitation of actin polymerisation through
the Arp2/3 complex (Zhao and Guan, 2009he Srd~AK complex also cretdks with PI3K
through binding of its p85 subunit to trigger allcsurvival response mediated through PI3K
AKT signalling (Reiske et al, 1999)-FK mediated PI3KKT signalling induces the
expression of inhibitors of apoptosis throughd®Fwhich protects the cell from various forms

of treatment including ultraviolet irradiation (Sonoda et al, 2000).
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Figure 17 schematic diagram of the S#AKk signalling pathway

Integrin or growth factor activated FAK binds to Src forming a complekA&complex
binds p130Cas which couples with Crkll and recruits DOCK180 tdltheep#rane to
activate Racl. Src FAK phosphorylates Endophilin A2 preventing endocytosis M®T 1
SrecFAK also forms a complex with ERK2 which activates and further complexes with
calpain2 leading the regulation of focal adhesion turnover during roggration.
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1.6.3 The EGFBEP10Arf6-AMAPL1 signalling pathway

Another more recently discovered pathway that has been implicated pézibreast cancer
invasion and metastasis is the EGHRP10Arf6-AMAP1 signalling pathwdiFigure 18),

(Sabe et al, 2008). The activation of this pathway is fully dependent of exogenous ligand
stimulation of the EGFR by tumeassociated macrophagetationed in the

microenvironment (Sabetal, 2009). Phosphorylated EGiRds to the PH domains of a
guanine nucleotideexchange factor GEP100. Through this binding, GEP100 via its Sec7 domain
induces the activation of ABfibosylation factor 6 (Arf6) (Mishige et al, 2008). Arf6 is from a
small Ras superfamily of GTPases that regulate membrane trafficking and remodelling. Arf
GTPases are highly conserved throughout eukaryotic evolution and consist of 6 isoforms, Arf 1
6, with Arf 2 being the only variaiost in humans (Sabe et al, 2009). AHS are primarily

involved in intracellular secretory processes at the Golgi apparatus within cells. Arfé on the
other hand is involved in a variety of different cellular processes at the cell periphery such as
regulating endocytosis, and recycling back plasma membrane components and cell surface
receptors (Donaldson, 2003). The significance of Arf6é in cancer has been shown by its
ubiquitous expression in several different tissues and organs in adults. In itsfactiyeArfé
transmits downstream signals through the interaction with a variety of proteins called
effectors. AMAPL, also called DDEF1 in humans, is an effector protein that binds directly to
GTRArf6 via its ArfGAP domain. Typically, AMAPL is recruitédfiByto activation sites such

as the plasma membrane or the cytoplasmic large vesicles. However in cancer cells under the
stimulation of EGF AMAP 1-tamacalises with Arf6 at sites of invadopodia formation

(Hashimoto et al, 2005). Both Arf6 and AMAP 1adyeormally overexpressed in highly invasive
breast tumour cell lines to levels between-106 20-fold. The precise mechanism of how
enhanced translation of the mRNA products encoded by the genes of these proteins is still to
be elucidated, nether the legbey act as viable predictive biomarkers for cancer (Hashimoto

et al, 2004: Onodera et al, 2005) . In rcancerous cells a SKpullinFbox (SCF) complex
composed of Skpl, Cullin 1, and Fbx8 acts as a suppressor of Arf6 activity through
ubiquitination, Utimately interfering with its ability to bind GEFs and GAPs. However, the
expression of an essential protein of this complex, Fbx8, is typically found to be impaired in
many breast cancer cell lines (Yano et al, 2008). In tumour cell migration an@mtfzesi
EGFRGEP10Arf6-AMAP1 signalling pathway is involved in many essential processes that
contribute topassing through the basement membranecreased Arf6 expression induces

actin polymerisation at the cell surface. It is suggested that reorgaoisafithe actin

cytoskeleton occurs when Arf6 synergistically interacts with partner of Racl (POR1) and ADP
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ribosylation factofinteracting protein 2 partner of Racl (arfap@®). Cooperatively, these two

proteins mediate the binding of Arf6 to Racl ahgstconsequently allows membrane ruffling

to occur (Shin and Exton, 2001). During the formation of invadopodia, AMAP1 forms a

trimeric complex with actin cytoskeletal remodelling proteins cortactin and paxillin through

the binding of their SH3 via itsgme-rich sequence (Hashimoto et al, 2006). AMAP1 is

recruited to its binding partners by Arf6é which-lazalises with AMAP1 to the plasma

membrane. Here, Arf6 aidsy (1 KS T2 NXY I { ‘mRdiate@ phag@@mes akd O S LI 2 NJ
facilitates endosomal recycling which is essential for membrane trafficking and the

phagocytosis of ECM components bound to integrins(Hashimoto, 2004). AMAP1 also localises
4 CO! -medBated maigaeytid cups where it interacts with several endocytic proteins

such as amphiphysin llm and intersectin (sabe et al, 2009). Amphiphysin lim is localised to

sites of Arf6 activation where it is release from prebound AMAP1 and itself recruits dynamin to

the invadopodia. Dynamin is a small GTPase responsible for mediating membrane constriction
and the fission reaction of vesicles polymerised in the donor membrane by vesicle coat

proteins COPI, COPII, and clathrin. Coincident with this reaction, AMAP1hhite&ar

domain aids in the invagination of the membrane into buds where coat proteins are then shed
allowing vesicles to be delivered to an acceptor compartment (Nie et al, 2006). In addition to
invadopodia formation, Arf6 also plays a pivotal role ia #ssembly and disassembly ef E

cadherin celcell adhesions. Downregulation of Arf6 results in blockagecafdBerin

endocytosis leading to significant cytoplasmic accumulation of the protein in the plasma
membrane. However in cancer, overexpressed Afegulates phosphatidylinositol(4)
LIK2aLKIFGS p 1Ayl &S f-cadhérin éxocytdsis (Figugiédo €tfal, 20M)O NS | &
Whilst little is known about the molecular mechanisms involved, both GEP100 and AMAP1
KIS 0SSy aK2gy VQ@aNR&NAYVASAYV @I A¥BFEANPOt mnan
GKAOK NB3Idz  1Sa SyRz20eG2aira FyR AYOGSNyFrtaald
binds directly to protein kinase D2 (PRKD2) which forms a complex with the cytoplasmic tail of
0KS 1yA @d®HHz i MmAYyGSINARYaE &4dzOK Fa huim FyR hoi
mediated by Raselated protein 5C (RabC) which promotes intracellular association of the

two proteins (Onodera et al, 2012).This complex is recruited to the plasma membran&by Ar

where it is internally recycled.
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Figure 18 schematic diagram of the EGIGFEP10Arf6-AMAP1 signalling pathway

EGF ligand stimulation activates GEP100 which phosphorylates Arf6. Arf6 interacts wi
POR1 and arfapti2 which couple it to Racl to induce membranéling. Arg6 also
activates AMAP1 which can interact with R&® which couples it to PRKD2. AMAP1
additionally interacts with amphiphysin IIm and together with PRKD2 is involved in
endocytosis of integrin and ECM components. AMAPL1 also interacts withnpamd
cortactin which are involved in the formation of invadopodia along with dynamin which
recruited by amphiphysin lim.

1.6.4 MAPK pathways

The mitogeractivated protein kinases (MAPK) are an evolutionary conserved family of
serine/threonine kinase modules where many extracellular signals converge in order to
activatemachinery that controls fundamental processes such as migration, growth, and
proliferation (Dhillon et al, 2007: Huang et al, 2004). MAPKs are activated through a kinase
cascade and can be divided into three major groups depending on the differencesnotlis
within their activation loop. This includes the extracellular sigaekted protein kinase
(ERK/MAPK), Juntrminal kinase (JNK), and the p38 MAPK (Huang et al, 2004). In cancer,
abnormalities in MAPK signalling impinge on most processestbatritical in tumour

progression.
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The most extensively studied of all the mammalian MAPK pathways is the ERK pathway which
is deregulated in many human cancéfsgure 19). Typically upon the binding of extracellular
ligands such as EGF to EGFR, giwyiation and dimerization of receptors occurs leading to a
signalling cascade. Specific tyrosine phosphorylai@eognised by the SH2 domain of growth
factor receptor bound protein 2 (Grb2) which localises and docks at the receptors cytoplasmic
domain Grb2 then binds to a protein called son of sevenless (SOS) through its SH3 domain
which associates with the G protein Ras removing bound GDP and allowing GTP to bind
causing activation of the protein. Ras then activates the mitesytivated protein kiase

kinases (MKKK), Rafwhich then phosphorylates and activates the MKK, MEK 1/2, which
activates MAPK ERK 1/2 (Sitaramayya, 2010). ERK have several cytoplasmic and nuclear target
substrates. ERK has been shown to phosphorylate MLCK and regulatelfoesion

formation and disassembly at the front of polarized cells (Webb et al, 2004). In addition ERK
also phosphorylates FAK and paxillin which enhances paxillin and FAK association and the
formation of a complex. It is speculated in this complex tirRiKEnay be involved in

modulating focal adhesion turnover and defining a region for Rac activation (Provenzano et al,
2009: Ishibe et al, 2004). Furthermore, ERK phosphorylation of calpain stimulates an
interaction with FAK and causes degradation of cyttetkeproteins and adhesion

disassembly (Huang et al, 2004).

JNK can be activated by various extracellular stimuli such as EGF which activates MEKK1
through SreFAK or Rac. MEKK1 then phosphorylates MKK4 and MKK7 which then
phosphorylates JN{&igure 19). It is speculated that INK phosphorylates paxillin which may
disrupt its interaction with binding partners such as FAK and lead to focal adhesion
disassembly (Haung et al, 2003). JNK has been shown to crosstalk with ERK and through an
ERKFra1/JNK&lugaxis induce breast cancer cell migration through the regulation of integrins
(Chen et al, 2009). Furthermore, JNK acts as a physiological regulator e [sifdFMT1

MMP in conjunction with the PI3K signalling pathway during migration (Ispanovic and Haas,
2006).

Many growth factors, cytokines, and chemotactic substances can stimulate p38 g&ligitye
1-9). These factors activate MAPKKKs which then phosphorylate MKK3 or MKK6. Then
subsequent phosphorylation by MKK3 and MKK6 activates p38 MAPK (Huarizpedy The
activation of p38 has been linked to the phosphorylation of MABtiated protein kinas@
and-3. These proteins then phosphorylate heat shock protein 27 (HSP27), which modulates

cytoskeletal remodelling and-&ctin polymerisation. Additimally, p38 activates stathmin, a
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microtubule destabilizer protein involved in cytoskeletal reorganisaticRald activation of

p38 through Rac and MKK3/6 leads to a marked induction of MMRpression leading to a

more invasive phenotype (Kim et al, 2008pnstiutive p38 activity is also important in the
protein expression of uPA and uPAR and inhibition of p38 abrogates the cells ability to invade

through the matrixHuang et al, 2000).
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Figure 19 schematic diagram of the MAPK signalling pathways

Activation of ERK pathway (left) through Grb2 which binds SOS and phosphorylates R
then activates Raf which is followed by a subsequent activation of MEK1/2 and finally
ERK1/2. ERK1/2 can activate proteins involved in cell migration sucloamnight chain
kinase, paxillin, and FAK. In the JNK pathway (centre) growth factor activatiorF#kSor
Rac leads to phosphorylation of MEKK1. MEKK1 then activates MKK4/7 which then
phosphorylates JNK. JNK can regulate MMPs and form a complexRidtartel Fra to
modulateslugexpression. The p38 pathway (right) is activated through growth
factor/cytokines which phosphorylate MAPKKK. MAPKKK then activates MKK3/6 whic
activate p38. P38 can phosphorylate MK2 adavhich regulate Hsp27; it cafsa regulate
MMPs and activate uPA/UPAR expression.
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1.7 Targeting pathways cancer with isoquinolinones

1.7.11soquinolinones

Isoquinolinones are a class of fused nitrogen containing heterocycles that constitute an
integral part of many biologically active alkaloids (Chuang and Wu, 2086)syntheses of

these compounds have remained important in both synthatid medicinal chemistry

research for the potential use as therapeutic gmaints (Chuang and Wu, 2006).
Isoquinolinones can have diverse chemical structures that allow them to carry out several
functions which is one of the reasons wihgfining a mechasimfor them has remained

difficult. Research has shown they can target DNA rapathinery, inhibit Rh&inasesand
antagonise integrinsangiotensin land the 5HT;receptor (Chiarugi et al, 2003: Plettenburg et
al, 2012: Seitz et al, 2003: Chakravattal, 1992: Matsui et al, 1992T.here is also emerging
researchregarding the effects isoquinolinone®n metastatic progression of certatgpes of
cancers. It is well documented that the human p53 tumour suppressor protein is mutated in
several caner lines. p53 typically acts to maintain the integrity of the genome and mutations
can lead to a loss of function, evena gain in function (Rothweiler et al, 2008h cancers

that still obtain a wiletype p53 there have been several strategies to tatgiits activity more
proficiently which could lead to apoptosis. p53 is involved in an autoregulatory feedback loop
with murine double minute 2 (MDM2) which acts to suppress it through the binding of its N
terminal transactivation domain and target itrfdegradation. The Isoquinolinone structure

has been loosely designed tre cisimidazoline compound Nutlin which disrupts the MDM2
p53 complex causing the dissociation of p53 (Rothweiler et al, 2008: Diarmuid and Maki, 2010).
In theory this should theffere induce the suppression of a migratory and invasive phenotype
of cancer cells as p53 overexpression has been shown to decrease actin stress fibre levels,
focal adhesions and the small GTPase Cdc42 responsible for filopodia and invadopia formation

(Moran and Maki, 2010).
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Figure 210 Isoquinolinones in cancer research

(A) Generalised chemical structure of the Isoquinolinoneutipr(B) HT1080 inverted 3D
invasion assay using severalljsdzA y 2 f Ay 2y S RSNAGI GAGSa | i
Image and data from unpublished work by Howe, J.D., Payerne, E.,Woon, E.C.Y., Searce

Studies have shown that Isoquinolinones can induce apoptosis and amignditory

behaviour in cancer cells, however there is also evidénsriggest that they caenhance a
metastatic phenotype. A study performéal the Gavriloviclab showed that several compound
derivatives increased invasion of a fibrosarcoma cell line HT1080 though a Matrigas [mag

be seen irFigurel-10 (unpublishedbbservationsdy Howe, J.D., Payerne, E.,Woon, E.C.Y .,
Searcey, M., and Gavrilov), As mentioned previously, Isoquinolinones have multiple targets
with more to be identified. This raises the interesting proposition of investigating some of the
compounds used in the study such as A3 to elucidate a mechanism by which they trigger
enhanced migratory and invasive phenotypghismay also open up the avenues to the finding

of novel signalling pathways that are being triggered during cancer cell invasion, and therefore

has the end potential for the developmeaf a new therapeutic interveion.
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1.7.2 Global approaches taken to explore mechanisms underlying tumour cell migration and
invasion

Invasion of cancer cells into the surrounding tissue is a crucial step that requires the cyclic
process of cell migration. Advances in microscamaging techniques such as phase contrast
imaging, fluorescent live cell imaging, and confocal laser scanning microscopy has allowed for
spatiotemporally resolved imaging that details important processes of cell migration such as
adhesion turnover dynaios (Le Devedec et al, 2010). Breast cancer is a heterogeneous
disease and several studies have tried to look at the disparities on a molecular level between
differing therapeutic groups. Recent developments of high information content platforms such
as gae expression DNA microarrays, protein arrays, DNA methylation arrays, and reverse
phase protein arrays allow identifying therapeutically tractable genomic aberrations that drive
tumour cell invasion (Cancer Genome Atlas Network). The use of proteomysiarialalso
increasing in the study of breast cancer due to the Higlbughput, simultaneous analysis of
large numbers of proteins at once and the potential identification of true caspecific

proteins (Qin and Ling, 2012). Other studies have usegtiosphoprotein array assay in

breast cancer to simultaneously examine multiple phosphorylation events in several upstream
and downstream molecules occurring in multiple signalling pathways (Chergui et al, 2009).
Altogether this equates to fairly comprehgime study in breast cancer cells which will

hopefully unveil the mechanism behind motility in a complete entirety.
1.8 Project Aims

Metastasis is attributed as the main cause of death by cancer in people plagued by the disease.
To date, it is unclear wothe isoquinolinone compounds affect the motility of carcinoma cell
lines.Therefore this project sebut to address the question by studying how the

isoquinolinones alter the behaviour of cancer cells, breast in particular, in tumour cell

migration in 2Dand 3D microenvironmentdMoreover, we aimed to investigate genes

regulated by the isoquinolinones in order to identify any novel potential inducers of enhanced

migrational activity.
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Chapter 2 Materials and Methods

2.1Cell lines and culture

Human lbeast adenocarcinoma cell line MBMB-231 and human fibrosarcoma cell line

HT1080 were cultured in T175 and T25 corning cell culture flasks respectively. Both cell lines
GSNBE AINRgyYy Ay f2¢ 3Ifdz02aS 5dzxZ 65002Qa Y2RATAS
MDAMB-231in12mly I Ay 4| Ay SR Jaid supplemeried with 2niMhylutamine,

1mM sodium pyruvate, 10%etal calf serum (FCS),10U/relnicillin and 10mg/ml

streptomycin.
2.2 Passaging cells

Cells were split once reaching 85% confluence or thebdéyre an experiment was carried out.
Modified DMEM media in the flasks was dispensed and cells were washed with PBS, which was
dispensed ad followed by the addition ofiypsin; thenflask ¢ SNB Ay Odzo | § SR |
for 5 minutes. Flasks were checkaader the microscope to ensure detachment of cells, and

then DMEM (10% FCS) was added and cells which were placed in 15ml conical centrifugation
tubes and spun down in the centrifuge for 5 minutes at 1000rcf. Media in tubes was dispensed
and the pellet oftells at the bottom of the tube was resuspended in DMEM (10%FCS) at

differing volumes depending on the desired split. Thels were pipetted back intootning

cell culture flasks made up to the originafvdzY S& | y R LJ | QifcRbatfory, o T 6/ X

2.3 Cell adhesion assays

Cell adhesion assays were performed essentially as described Messent eSatingd et al
(Messent et al, 1998: Stringa et al 200@ulti-well tissue culture plates (96 wells, Nun@re
coated with serial dilutions of Fibronegti (Sigma), Matrigel, and typedllagen (BD

Biosciences) at a final concentration of 0.1ugiflug/ml, 100ul/pemwell andplaced in a 4°C

cold room overnight. Wells were washed twice with PBS (100ul/p#y,kalowed by

blocking of nonspedif binding sites with 1% BSA 100pl/well, with the exception of wells

O2F SR ¢6A0GK 5a9a YR 5a9a 6mMm:C/ {0 FtG mnnxt«x
either for 1 hour or overnight. Cells split from previous day were trypsinized, inedbat 5

mindzi S& | G g and demrifugsl dotvimat 1000 rcf for 5 minutes. Supernatant was
removed and noradherent cells were resuspended in DMEM seifuee medium.
Haemocytometer count was carried out ensuring 60,000 cells/100ul HT1080 cells and 50,000
cells/LOOul MDAMB-231 cells were added to each well and then the pateere incubated at

oT e/ Z,f@%hodrhA3 and A5 compounds were added to wells at a concentration of
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Mnn>a® | TS Ndadhefedtdzdld were Beyiovetidyyilicking and then adnezlls

6SNB FTAESR R26y dzaAy3a 9iGh!l oémnnxfkLISNI Sttt
100ul/well 1% Methylene blue which is then released by cell lysis from adding 100ul/well 1:1
EtOH HCL. The absorbance of the samples was measuredhesiFigJOstar Omega mullti

mode microplate reader at 630nm and then analysed using MARS software. Results were
expresseds a mean + S.E.M. The pairéddzR Styfet rsANOVA test was used to determine

the P-value which if less than 0.05 attested a sigaint difference between means.
2.4 3D Invasion assays

Inverted invasion assays were performed essentially as described in Hennigan et al and
modified in Scott et alHennigan et al, 1994:Scott et al, 200@janswell cell culture chambers
containing polyinylpyrrolidonefree polycarbonate porous membrane filters (8um Millipore
diameter) were used to measure MEMB 231 and HT1080 tumour cell invasion. Chambers

were transferred into wells of a BD Falé8TC Companion plate then coated with 100pl/well

of either rat tail tendon type | collagen (2.8mg/ml) or Matrigel (4.2mg/ml) (with or without
MAKIKYE CAONRBYSOGAY O Iy RorfitodyCels spidtlamiprévdis | § o
day were trypsinized, incub8tR ¥ 2 NJ p Y A Yy dzj &d centrilgeddowen/at100p:z  / h
rcf for 5 minutes. Supernatant was removed and +aaiinerent cells were resuspended in

DMEM (10% FCS) serum. Seeding density per chamber was 100,000 cells per 100ul quantified
by a haemocytometer and seeded to the underside of each filisach well of another BD

Falcod" TC Companion plate had 1ml DMEM setfsee medium inserted for washing; both

LI I §S& ¢ SNB LI JinduBdkor faryB4 hourse Transwadls weretthen washed

twice in wash plate and placed in final wells containing 1ml DMEM séesmedium or wth

0.2% FCS. Chemoattractants DMEM 20%FCS, DMEM 10%FCS, 100 ng/ml CCL2/CCL5 (R&D
systems), and 10ng/ml EGF in serdrae DMEM (1ml) were added to the upper section of the
0N} yagStftad '!o YR !'p O2YLIRdzyRa opn>itdlls 5§ SNB
in serumfree DMEM or with 0.2% FCS. Controls were filled with sefoee DMEM. Plates

gSNBE STl T2N 1 nEakhPadghyBvasipgiformaddn/daplicaté:and after

incubation period cells in transwell chams were stained with 1ml calin acetoxymethyl

ester (4mg/ml) diluted in seruAree DMEM. Transwell chambers were placed on a thin

coverslip and read using the LEICA LSM microscope at an excitation/emission wavelength of
530nm. Three fields per filter were counted scanning 15 lafg%Smicrons) for each one.

Results were expressed as a mean passtandard error. The pairedisdzR Styfeét Yas
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used to determine thé>value which if less than 0.05 attested a significant difference between

means.

2.5 Random 2D migration and scratetound assay

Thermo 8ientific nunc 24 well plates were coated with serial dilutions of Fibronectin, Matrigel,

or type | collagen at a final concentration of 10ug/ml and placed in a 4°C cold room overnight.
Cells split from previous day were trypsinizedubalS R F2 NJ p Y5%c@i&d G o
centrifuged down at 1000 rcf for 5 minutes. Supernatant was removed anéhdbarent cells

were resuspended in DMEM §2 FCS) serum. A cell density of 30,000 cells per well was
determined by a haemocytometer count footh MDAMB-231 and HT1080 cells. Plates are
0§KSY AyOdz | § SR ¥6XRb ensukediddid In khé case pfa bcEatclpassay a
vertical wound was introduced by scratching with a 1 ml pipette tip. Just before imaging
chemoattractants EGF (@/ml), CCL2 and CCL5 (20 ng/ml) are diluted in DMEM 2% FCS and

I RRSR (G2 G4KS gStftad /2YLRdzyR '!'p 6pn >alv gl a
before imaging. Random migration and wound closure was monitored at 10 minute intervals

for 17 hours usig the Zeiss Axiovert timapse microscope. Each condition was performed in
triplicate with images for each condition taken from one distinct field with five cells tracked

per field. Migration patterns form experiments were analysed using the chemotadigrom

the ImageJ cell tracking sortware. Results were expreasedmean + S.E.M. The paired

sl dzR Styfeéit @as used to determine thevalue which if less than 0.05 attested a significant

difference between means.

2.6 A5 treated MDAVIB-231 24 hour ime-course

We coated 12 wells of three Thermoiéntific nunc 24 welblates labelled} hours, 8 hours,

and 24 hours with Matrigel mixed with Fibronectin at a final concentration of 10pg/ml which

were placed in a 4°C cold room overnight. Cells split fsogmious day were trypsinized,

incubaS R F2NJ p YA Y dzj &d centrifugeol dogvii aX 10 xcf for B minutes.
Supernatant was removed and naherent cells were resuspended in DMEM (10% FCS)

serum. A cell density of 70,000 cells per well was determined by a haemocytometer count and

LX FGSa 6SNBE STl G2 AY,OCksweré&chezksSoBera8% G | G o
confluent and then media was pipetted out of each well followed by a wash with PBS. Pipetted
500 pl serurdfree DMEM, 0.5% DMSO and A5 50 puM (diluted in séramDMEM)nto

respective wells (Fggl0 'y R G KSy LJ I 4§S& gl8cNdatorL  OSR Ay o
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Mediza Mediza Media Media

DMSO DMSO DMSO DMS0 _
0.5% 0.5% 0.5% 0.5% = Plastic

A5 A5 A5 A5
50 puM 50 pM 50 pM 50 pht

Media Media Media Media

OMSO OMSO OMSO OMS0 L Matrigel and

0.5% 0.5% 0.5% 0.5% Fibronectin
coatedwells

A5 A5 A5 A5
50 M 50 50 M 50 pm

Figure 21 Schematic diagram depicting plate used in-&kéated MDAMB-231
time-courseThe top six wells (white) consist of cells grown on plastic and
bottom six wells (Pink) consist of cells grown on Matrigel plus Fibronectin. V
1-4 and 1316 had no treatment. Wells-8 and 1720 were treated with 0.5%
DMSO. Wells-22 and 2124 were treated with 50uM A5 compound.

2.7 RNA extraction

At each time point the media of each well was pipetted out into 1.5 ml eppendorf tubes and
placed in-20°C freezer. RNA was isedtfrom MDAMB-231 cells as instructed by the
YIEydzFlF OGdzNENRa AyaiNuzOdAzya dzaAyd GKS wbSlkae

snapfrozen on dry ice and stored é20°C.

2.8 Reverse transcription

Samples were nanodropped to determine concentratand purity followed by diluting in

differing concentrations of nucleafeee HO depending on the concentration of RNA in each

sample to end up with 1000 ng in 15 pl. Then 2 pl of random primers (Invitrogen) was added

to each tube and all samplesweltéf | OSR Ay GKS t/w YIOKAYS F2NJ
placed on Ice directly after. Following this 8 ul mastermab{e 21) was added to the
FyySEFEEtAy3a wb! al YL Sa FyR Ndzy 2y GKS t/w YI O

YAYdzi S&a G T nwereBtor€Bati!n cd | YWpSiS\E¥ Yy SSRSR®
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Table 21 ¢Mastermix for primer extension during reverse transcription

Reagent Volume per sample
5 x MMLYV buffer (Promega) 5ul
125 x dNTPs (Bioline) 0.2 ul
M-MLV (Promega) 1l

2.9 Quantitative real time PCR (Tagman)

To each well of a Tagman array plate (life technologies) 5 pl of cDNA (1 ng/ul) was added
followed by 15 pl of the reaction mix (Tabl€p Plates were then run on the Tagan 7500

system as directed by the instructions in Tabl@. 2This was performed for each of our 15
candidate genes as depictedTable 24. Data extracted was used to determine changes in
gene expression between conditions according toahas method described by Livak and
Schmittgen (Livak and Schittgen, 2001). This method takes loading variations into account by

normalising target gene expression to our reference 18s ¢EimgR22 and Fig B).

Table 22¢Reactian mix composition for Tagman.

Reaction mix Volume per sample
2 x Master mix(Applied Bioscience 8.3 ul
Inventorized ABI primer sets 20 x
(Consists of forward primer, probe 1l
and reverse primer)
H,O 57 ul

Table 23 ¢Thermal cycling cdtitions for Tagman run on 7500 system

Temperature Time (minutes)
Hold -
pne/ 2
Hold -
bp 6/ 10

40 cycles of
hp e/

cn ¢l 1
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Table 24 ¢ Genes ordered from applied biosciences Invitrogen with their product code. 1
taken from the universal primers and probe library. All probes and primers designed to t.
Homosapiengenes.

Gene Primers and probes/ABI ID
Forward primemp -BRCCGGCGCAAGACGBGEA
18s wS @S NE S -AQONBCTAGNGRTGAAATTETIG

t NP 6CATFCOTGGCAAATGCTPTQG
CCL2 Hs00234140 _m1l
CCL5 Hs00174575 m1l
CTGF Hs01026927_g1
CYR61 Hs00998500_g1
EGR1 Hs00152928 m1l
EPHAR Hs00171656_m1l
ETS1 Hs00428293 m1l
FPR1 Hs04235426 sl
HBEGF Hs00181813 ml
IL-8 Hs01567912 gl
MYC Hs00153408 m1l
NFE2L3 Ha00852569 gl
RHOQ Hs00817629 gl
SAAl Hs00761940_ sl

TGFA Hs00608187_m1




25 -
20 -
S 15
<
>
5 10 -
5 -
0 A
S1| S2| S3| S4| S5| S6| S7] S8 S9IS14S11S131S513514S15S16451T1S18
Plastic Plastic | Plastic AAMG Medigg MG DMSQ® MG A3
Media DMSO
B
18 -
16 -
14 -
° 12 -
>
< 10 -
>
- -
5 8
6 +
4 -
2 -
0 -
S1| S2| S3| S4| S5| S6| S7] S8| S9|S1(0S11S14S513S14S14S16
Plastic DMSO Plastic A3 MG DMSO MG A3

Figure 22¢ Reference 18s geng ¥alues for HT180 cells treated with
5a{h YR 'o Fd !'0 n K2dz2NE | YR
YR al GNAR3ISE Fa wWaDQod

0

47



CT Value

CT Value

OFRP NWAMAMOUION®O

OFRPNWhUUION®O
PR TR R T T T S T T

e el
OFR NWMOGM

@]

CT Value

=
OFRPNWRARUUITONOOOO

I e
R NWAO

Figure 23 ¢ Reference 18s geng ¥alues for MDAVIB-231 cells treated with

S1 S2| S3]S4] S5 S6| S7 S8 SIAS1IS11S11S13S14S 118 14S511518519520521S23523524
Plastic Media| Plastic DMS{Q Plastic A5 | MGFN Mediad MGFN DMSQ® MGFN A5

S1S2S3S4 SH Sq S7SY SYS14511S51351351451$514S1151851952¢521523523524
Plastic Medig Plastic DMSQ® Plastic A5 | MGFN Medig MGFN DMS(® MGFN A5

SYS2ASHSAYSHSHS7]SY SAS1IS1IS1IS15514S515514S11518519520521S23S523524
Plastic Medig Plastic DMS® Plastic A5 | MGFN Medig MGFN DMS® MGFN A5

DMSO and A5 at A) 4 hours, B) 8 hours and Cp@s hEach sample is

(o)

ONBOAIFIGSR Fa WwW{Q IyR al GNAR3ST

LJt

48



49

2.10DNA microarray

Experiment was carried out by Dr Damon Bevan and Liam Pudwell. Briefly, 40,000 HT1080 cells
were seeded into wells with or without Matrigel and left overnight in 37°C incubator with 5%

CQ. Media was replaced with serufmree media supplemented with either 0.5% DMSO or

(50uM) A3 compound and left for 24 hours before RNA extraction. RNA was nanodropped and
diluted according to the specifications of the Cambridge genomic services. Expenagen
performed in quadruplicate but triplicate samples were sent and analysed using the lllumia
WG-GEX HumanHI2 bead chip array. Quality control analysis of all samples was perfomed

by lllumha. Raw data is subjected to quée normalisation to removéechnical variation in

data and log2 transformation (Du et al, 2008). In our analysis of this data we segregated genes
according to three filtering parameters. They had to be significantly expressed according to the
adjusted RO £ dzS >Xn ®n p estigiioOnkultipleltesti®igiinto2cdliNt The B statistic

asSit d xmX (2 SyadaNB® (KS 3ISySa IINBX (NMHzZ & RAT
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Chapter 3: Isoquinolinones affect cell adhesion

3.1 Introduction

Cell behaviour is mediatl by interactions with the extracellular matrix which provides the
structural support for cells to adhere to. Dynamic reciprocity elioiéyregulatory cues that

are essential in the progression of physiological and pathological processes such as cell
proliferation, cell growth, cell survival, differentiation, and metastasis (Nelson and Bissell,
2005). Adherent cell types will attach to matrix components through the major
transmembrane integrin receptors. The specificity of the binding is determineleby t
extracellular domain of integrins which recognize a plethora of matrix ligands. An example of
Integrinrecognition of several matrix proteins in vertebrates includes intedifid , /b3,

and 4b1 which all recognise the dimeric glycoprotein fibronettiough through different

interactions(Huttenlocher and Horwitz, 2011).

Contact with the ECM causdgetcytoskeleton of the celb induceclustering of integrins

which causes individual integrins to lock in a conformation that allows them to moreytightl

bind the ligand causing the formation of a strong aggregate bond. During metastasis, the
turnover of focal adhesions composed of clustered integrins is important in allowing the cell to
migrate over the substratélheoverexpression of focal adhesiooan leadto an antk

migratory phenotype in many cancerdn example includes the carrier protamsulinlike

growth factor binding protein 5 (IGFBR#)ich hasheen shown to increase binding of breast
cancer cells to ECM components even when expressintel@is of specific integrins to those
components. This altered cell adhesion restricts fibrosis and preweigistion (Sureshbabu

et al, 2012).

The ECM is composed of a complex tapestry of interwoven proteins that cancer cells migrate
through during metatasis.Fibronectin is a ubiquitous glycoprotein of the ECM that is essential

in all living organisms. Fibronectin can be subdivided into two isoforms, the soluble promoter
plasma Fibronectin, and the lessluble polymeric fibrillar Fibronectin that issembled into

the ECM (Pankov and Kenneth, 2002). An overexpression of Fibronectin has been observed in a
variety of different carcinoma cell lines and through integrin binding triggers intracellular

signalling cascades that lead to an invasive phenotifsty et al, 2010).

Many research studies regarding the migratory and invasive potential of carcinoma cells have
been undertaken using Matrigel to mimic a suitable ECM environment. Matrigel is a solubilised

tissue basement membrane extract derived frong&lbreth HolmSwarm (EHS) mouse
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tumour. The main components that make up the composition of Matrigel include laminin, type

IV Collagen, entactin, and heperan sulphate binding proteoglycans (Mullen et al, 1996).

In vertebrates type | collagen provides theechanical stability in tissues and is most abundant
ECMprotein found in mammals. Typeobllagen is composed of three polypeptide chains

which selfassociate to form a triple helical structure (Messent et al, 1998). In the ECM cells
will have to navige their way through a heavily crofisked meshwork of type | collagen

fibrils (Sabeh et al, 2009). Since there are many different collagen subtypes in the ECM cells
express integrin type collagen receptors that have the ability to recognize distirageod
(Jokinen et al, 2004).

The size and distribution of adhesions depend on the cell type and pliability of the matrix.
Since the speed of the migrating cell can be directly correlated with the rate of focal adhesion
turnover it is important to understnd how the isoquinolinone compounds may effect gria

expression and recycling ofatrix components found in physiological models.

In this chapter we look at the adhesive potential of both MB-231 and HT1080 on certain

matrix components and what efé¢ the isoquinolinones have on this adhesion.
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3.2 Results

3.2.1 Cell adhesion td-ibronectin

Investigationof cell adhesion to differingoncentrations of the matrix component Fibronectin
was carred out in order to find the optimabinding concentration for our chosen cell linek

this experiment, and subsequent desesponse curves, 96 well plates were coated with the
appropriate immobilized extracellular matrix component that increased by a factor of 10 with
each subsequent concentiah. Both MDAMB-231 and HT1080s adhere to Fibronectin in a
dosedependentmanner(Fig 31). The shape of the curgés alsosimilar in both MDAVB-231

and HT018@raphs. HT1080 and MEMB-231 adhesion continues to increase at 10 pg/ml

but the data doessggest a plateau would be reached at higher concentratidslitionally

the halfmaximal attachmenfor both MDAMB-231 and HT1080s to fibronectin appears to be
at about 0.5 pg/ml.

3.2.2 Cell adhesion tdatrigel

The attachment of cells tMatrigelwasexploredas it emulates the underlying basement
membrane that influences cellular behaviour. Similar to Fibronection, adhesion of both MDA
MB-231 and HT1080s to Matrigel is dose dependent with the optimal concentration of
Matrigel at 1 ug/miFig3-2). The halfmaximal attachmenfor both cell lines was

approximately at 0.5 pg/ml. Maximal adhesion to Matrigel was greater in HT1080s than in
MDAMB-231, however both cell lines had a rapid incline at 0.001 pg/ml followed by a decline
at 0.01 pg/ml.

3.2.3 Cell adhesion toType ICollagen

As with Fibronectin and Matrigel, MBMB-231 and HT1080s adhere to type | collagen in a
dose dependent manndFig-3). There appearto be a much moresigmoidalshapewith
MDAMB-231 cellssompared to theHT1080 curvevhich seems to take on the form of a
consistentincline at each increasing concentration. Both MB-231 and HT1080 adhesion
to type | collagemeaches a plateau at Olig/ml with the halfmaximal attachmenbf both cell

lines occurring at about 0.05 pg/ml.
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Figure 31: Adhesion of MDAVIB-231 (A) and HT1080 (B) to 96 muikll plates
coated with increasing concentrations of immobilised Fibronectin. Cells in each we
were quantified at OD630 using the Omegastar plate reader. Error bars represent
mean = S.E.M. This experiment was perfomed twice and a representative experin
is shown.
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Figure 32: Adhesion of MDAMB-231 (A) and HT1080 (B) to 96 muikll plates
coated with increasing concentrations of immobilised Matrigel. Cells in each well v
quantified at OD630 using the Omegastar plate reader. Error bars represent the i
= S.E.M. This experiment was perfomed twice and a representative experiment is
shown.
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Figure 33: Adhesion of MDAVIB-231 (A) and HT1080 (B) to 96 mutkll plates
coated with increasing concentrations of immobilised type | collagen. Cells in ez
well were quantified at OD630 using the Omegastar plate reader. Error bars
represent he mean + S.E.NThis experiment was perfomed twice and a
representative experiment is shown.
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3.24 A5and A3 dose responsassay

To identify the optimal compound concentration to use in adhesion assay experiments a dose
response was performedsing MDAMB-231 cells grown on Fibnectin (Fig 3}). For both A3

and A5 there waa dose dependent decrease observed in MBIB-231 adhesionln both
grapthsthere is a noticeabldecrease in adhesion from 5 pg/rhbwever then not much
difference between 10and 35 pg/mlThen & 50 pg/mithere is aother noticeabledecrease

from 35 pgml inA5and A3treated cellsin both A5 and A3 treated cell$00 pug/ml showed a
great decrease in adhesion Edbronectin.Initially, due todifficulty of handling large numbers

of samples in the assaymDMSO was omitted.

3.25 A5 adhesion assay

The effect the isoquinolinone compounds haveasil attachmentto ECM componentaas
explored The same cell adhesion biological assay technique as previously deseebaged

with the exception of coatingte wells with our cell lines hathaximal binding concentration

to those substrates~or both A5 and A3 experiments, the trend of adhesion reduction appears
similar between replicate experiements, however due to differences in abslauts of

adhesion as often observedynly representative experiements are shown to clarify an effect

(Jelena Gauvrilovic, personal communication)

Results indicate no clear effect of the A5 isoquinolinone compound on the matrix components
for either HT1080 or MDMB-231 (Fig3-5). DMSO was used as our vehicle to dissolve the A5
compound as it is not readily soluble in other carriers such as water. The results in both cell
lines seem to suggest thaboDMSO is having an effect on the cells ability to bind to the matrix.
Ontype | collagen there was a 31% and 43% reduction in adhesion of HT1080 ardBADA

231 respectively in response MSQ(Fig 35). Whilst on Fibronectin there was a 34% and
drastic 82% reduction in the adhesion of MI#8-231 and HT1080 respectively to the

substrate in response to DM3Big 35). Even though there is a reduction in the adhesion of
both cell lines to the matrix components in response to A5, we cannot confirm any induced

effect due to the reduction rates being identical to DMSO for all thesgates.
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Figure 34: A5 and A3 dose response assay. MB231 cells were seeded on
Fibronectin (10 pg/ml) coated wells of 96 well nunc plate and then treated with
increasing doses of (A) A5 compound or (B) A3 compound. Error bars represen
mean £ S.E.M. This experiment was perfomed once.



0OD630

58

1.6 - *

1.4 -

2] f
2 o] ]
A 0.8 -
© 06 -

0.4 4

0.2 4

No FC$10% F No | DMSO| A5 No | DMSO| A5
DMSO DMSO
DMEM Fibronectin Type | Collagen
Substrate

0.6 -

05 - ty
0.4 A - 'I' _I_ =

0.3 1
0.2 4

0.1 4

No FCF10% | No |DMSQ A5 No |DMSQ A5 No |DMSQ A5
FCS|DMS DMS DMS

DMEM Fibronectin Matrigel Type | Collagen

Substrate

Figure 35: Adhesion of HT1080(A) and MIMB-231 (B) to 96 muttivell plates
coated with increasing concentrations afmnobilised matrix amponents in
response to 100 uM A5. Cells in each well were quantified at OD630 using the
Omegastar plate reader. Error bars represent the mean = S.EgMbafuplicate
samples Statistical significance was measured using the Alokaytest*p>XXn @
*mKn & n wEn UThisexperiment was perfomed once.



59

3.2.6 Effect of DMSO on cell adhesion

Due to an apparent effect df %DMSO from prior results the possibility of DMSO having a
toxic effect on MDAVIB-231 cells at lower concentrations of our miatcomponentsvas

tested Contrary to what was observed in our previous experiments these results on
Fibronectin and Matrigel showed that DMSO has no adverse effect on theNWEDZ31 cell®
ability to bind(Fig 36A and B)In fact on FibronectirdMSO igreased adhesion at 0.5 pg/mi
and 1 pug/ml by 53% and 35% respecti@lig 36A). However, on type | Collagen it appears as
though there may be some toxic effect of DM@y 36C) At 1 ug/ml there was a 25%
decrease in adhesion, and whilst not significa 9% decrease in adhesion at 0.1 pug/ml. Even
though these results showed that%DMSO did not affect cell adhesion to Fibronectin and
Matrigel, research has shown that at a 1% concentration DMSO has been known to induce cell
death and a loss of attament (Pal et al, 2012). Since the A5 compound is dissolved in 1%
DMSO for the desired concentration afreexperiments, this prevents dm altering the
concentration. However, we deduce that using a higher concentration for our matrix, 1 pg/ml
for Matrigel and Fibronectin, and 0.1 pug/ml for typedllagenmay provide some protective

effects against DMSO.
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Figure 36: MDAMB-231 adhesion to immobilised Fibronectin (A), Matrigel (B), ani
type | collagen (C) in the presence and absence of 1% DMSO. Cells in each well
guantified atOD630 using the Omegastar plate reader. Error bars represent the
+ S.E.Mof quadruplicate samplesStatisticakignificance was measured using the
AnovaTukey test pKn © npi¢h O ppEn Ui svexperiment was perfomed
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3.2.7Cell adhesion in response to A3

The effects of the structurally similar A3 compound was also tdstéte adhesion of MDA
MB-231 and HT1080 cells to matrix components (Fi§.3In MDAMB-231 cells adhesion was
significantly reduced by 5570, and 49% on 1 ug/ml Fibronectin, Matrigel, and type | collagen
respectively in response to 100 uM A3 (FHgA. In HT1080 cells the effect of the A3
compound was tested 1 pg/ml and 10 pg/ml Fibronectin. At both concentrations the A3
compound at 100 uM was ineffective at reducing or increasing adhesion of HT1080 cell to
Fibronectin (Fig-3B).

3.2.8Cell adhsion in response to A5

Following the findings above adhesion in response to A5 was perforntecdjusted

variations ofmatrix components The A5 compound was found to reduce cell adhesion in both
MDAMB-231 and HT1080 cel(sig 38). Following treatmenwith the A5 compound there

was an 80% and 66% reduction in adhesiol®&ug/ml and 1 pg/ml Fibronectin respectively
when compared to DMSO treatment (Fi@B).There was also a reduction in HT1080 adhesion
by 39% on 1 pg/ml Matrig€Fig 38C) howeverno observable effect was seen at 0.5 pg/ml
were DMSO was inhibiting.

As mentioned, the A5 compound also reduced adhesion of MIBAR31 cell{3-8A). There
was a significant decrease in adtion by 7380, and 49% on Fibnectin, Matrigel, and type |

collagen respectively in response to 100 uM A5.
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Figure 37: (A) MDAMB-231 adhesion assay to matrix components at 1 pug/ml in
response to 100 uM A3. (B) HT1080 adhesion to immobilised Fibronectioal@

pg/ml in response to 100uM A3. Cells in each well were quantified at OD630 using t
Omegastar plate readeError bars represent the mean + S.E.M. Statistical significanc
was measured using the AnoVakey testp)XXn @ npi ®pnpwEn P pTiase
experiments were perfomed twice with one representative experiment of each show
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3.3 Discussion

The aim of this chapter was to explore the effects of the structurally identical A5 and A3
isoquinolinones on MDAIB-231 and HT1080 adhesion to magomponents that make up

the ECM. To datihereisno research ascribing the mechanistic behaviour of these
compounds and how they may, or may not be involved in cell adhesion of breast cancer cells.
In this chapter we provide evidence that the &%d A3 isoquinolinonecompound suppress cell
adhesion to theEeCM

3.3.1 Cell adhesion is dos#ependent

As previously mentioned, Fibronectin is a major component of the &@Mts upregulation

in many invasive carcinoma maie potential prognostic marken patients (Bae et al, 2013).
Both MDAMB-231 and HT1080 showed an identical curve in response to increasing doses of
Fibronectin. The optimal binding of the cell lines to the substrate occurred at 1 ag/ml
observed in other reportéBartsch et al, 2003 This suggests that MEMB-231 and HT1080
cells express a similar level of receptors for fibronectin. Both cell lines highly expré&bihe
integrins which is the main receptor for fibronectin (Mierke et al, 2010: Grenz et al, 1993). A
similar trend inoptimal binding was observed in both cell lines on the basement membrane
extract Matrigel. Matrigel is composed of a variety of components with the most abundant
protein in the extract is laminin. Both MEMB-231 and HT1080 express a similar of thé1
integrin when cultured on purified lamini(Berno, et al, 2005: Zuber, et al 2008). Moreover
work has been done showing that MBAB-231 adhere to laminii in a dosedependent
manner and begin to plateau at roughly at 1 pg/ml (Kousuke, et al, 1B##jng of MDAMB-
231 and HT1080 to type | collagen was also dieygendent andbeginning to plateau a.1

pg/ml for both cells linesSimilar results have been obtained in studies for MBB&231 and
HT1080 cell adhesion to type | collagen (Vuoriluoto 2@G08 : Messent et al, 199&IT1080
cells bind collagen through tH&b1 receptor whilst MDAVIB-231 have been shown to bind
collagen through bottb1 andUlbl integrins (Grenz et al, 1993: Ibaragi et al, 2011).

3.3.2DMSOeffect on cell adhesion

It is wdl-known that a lot of synthesised compounds are highly lipophilic and so encounter the
problem of being poorhkwater soluble. Alternative means of delivery have since been
discovered and utilised in order to allow administration of drugs. DMSO is a papghnic

solvent that has been widely used in conventional medicine and biological research as a carrier
molecule. Whilst cesolvents such as DMSO have been shown to greatly increase solubility,

they also have some irremediable cytotoxic effects (Violaatal 2002). In our studies we
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found that DMSO disrupted the adhesion of HT1080s and MIBA31 cells on all matrix
components. This led us to evaluate the effect of DMSO on the cells seeded onto different
concentrations of each substrat®©urstudy sheved that DMSO was in fact having no
suppressiveffect on the cells at any of the tested concentrations. Moreover, on Fibronectin

we even saw an increase of cell binding to the matrix which is an effect that has been reported
in melanoma cells in respons® DMSO (Lampugnani et al, 1987). Despite this, in subsequent
experiments at lower concentrations of coated matrix we still saw a decrease in adhesion in
response to DMSO. More testing would have to be conducted in order to fully clarify the
effect of DMSO on both breast and fibrosarcoma cell lines. As previously mentioned studies

have shown a significant deformation in cell activity at 1% DMSO (Pal et al, 2012).

3.3.3 A3and A5compound in cell adhesion

In our experiments both the A3 and A5 compound restli cell adhesion in MDMB-231 cells,
however only the A5 compound altered the adhesive properties of HT1080s to Matrigel,
Fibronectin, or type | collagen. This contrgstsvious results showing that the A3 compound
reduces cell reduces HT1080 adhesiothe matrix (Howe,J.D., Payerne, E., Woon, E.C.Y.,
Searcey, M., and Gavrilovic,A)plausible explanation for this may be because the compound
used in the HT1080 experiment is three years old and so its biological activity may have been
diminished. Eience for this claim was observed in previous adhesion assays witANVEDA

231 cells treated with the same A3 compound as the HT1080 cells which also failed to show

any effect on adhesion (data not shown).

Reduced adhesion to the matrix in response tch&S been observed in a prior study using
HT1080 cells (Howe,J.D., Payerne, E., Woon, E.C.Y., Searcey, M., and Gawnjpoviished
observations) Here the A5 compound was shown to have a similar effect on the breast
carcinoma cell line. This similgrin the compounds effects supports the idea of a similar
function in both cell lines. Isoquinolinones are still being explored in research and the sparse
studies available suggest they have a widege of targets (Cheon, et al, 2001). One study in
particular has shown that isoquinolinones act as integrin receptor antagonists (Seitz et al,
2007). This most likely provides an explanation for the results obtained in these experiments.
It is also worth noting that the reduction of adhesion for both de#td was greatest on
Fibronectin. Studies with the isoquinolinones have shown that differing structures of

compound derivatives can alter the selectivity to certain integrins (Seitz et al, 2007).
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3.3.4 Summary

In this chapter we identified optimal binaj concentrations for cell adhesion of HT1080 and
MDAMB-231 cells to Fibronectin, Matrigel, and type | collagen. Furthermore we found that
compound A3 reduces adhesion of MIIB-231 cells to matrix componenets which is
paralleled by compound A5 in both MEMB-231 cells and HT1080 cells. In the next chapter

we will investigate what affect the compounds have on cell motility both in 2D and 3D.
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Chapter 4: Isoquinolinones in cancer cell migration and 3D invasion assay

4.1 Introduction

Canceiis a major health problem that kills patients essentially on the basis of their migratory
nature which allows cells to scatter and invade into the surrounding tissue (Debeir et al, 2008).
It is therefore important to understand the biological mechanisnisidg cancer cell migration

and investigate the effects of pharmaceutical compounds which constitute the current needs
in oncology (Debeir et al, 2008). By doing this it allows for the exploration of developing anti
migratory drugs that delay tissue invasiand move away from solely trying to trigger cell

death which has up to now, proven unsuccessful and cytotoxic to healthy cells (Debeir et al,
2008).

The onset of migration in cancer is reliant on contextual extracellular cues which promotes the
activation of migratorymachinery. As mentioned previously, integrins are bidirectional

signalling receptors that are coupled molecularly to cell protrusions. Not only do they

contribute to the stability of membrane protrusions, but engagement of integrins at the
fFrYStEtlr AyMiyAd GSEyw2dziGhAMRE RSa g KAOK | OGADI ¢
and Cdc42 (Legate et al, 2009). As well as a major contribution of the integtiix signalling

there is an abundance of motogenic proteins such as EG waitinduce chemokinesis and

chemotaxis (Wang et al, 2004).

Isoquinolinones have been shown to have varyimgitro anticancer activity depending on

their structure and the cancer cell line (Cheon et al, 2001). Whilst there is no literature
reviewing heir effects on the migratory or invasive capacity of cancer cells, we do know that
they can target integrins. This currently leaves the field open to interpretation on exactly how

they may alter typical cell migration (Seitz et al, 2007).

In the last chpter we found that the A5 isoquinolinone was able to reduce adhesion of-MDA
MB-231 and HT1080 to the matrix. It is well known that protrusions and adhesion are
molecularly coupled. It therefore remains important to understand how the isoquinolinones
mayaffect the migratory and invasive potential of cancer cells. In this chapter we use random
2D migration and the inverted 3D invasion assay to investigate what effect the isoquinolinones
have on cancer cell migration and invasion using matrix componentgthalate typical

physiological conditions.
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4.2 Results

4.2.1 MDAMB-231 migration in response to EGF using the scratch wound healing assay

To assess qualitative migration in response to a chemotactic agent we used a widely adopted
method known as thesatch wound healing assay. Here cells were seeded inveeRplate

and then an artificial wound was created by physical scratching following the addition of the
growth factor EGKFig 41). The measurement of cellular repopulation into the disruptegkar

is indicative of the migratory potential of cells with or without treatment (Lal et al, 2002). We
decided to use EGF in our studies as it is known to activate many well elucidated signalling
pathways involved in cell migration such as MAPK and PI3i¢ @Rrl, 1999: Azios and
Dharmawardhane, 2005). Furthermore, this allows us to construct an assessment in
subsequent experiments on the effectiveness of the compounds ability to induce migration
and whether they may be activating the same pathways. Otrilyd, Fibronectin, and the
combination of Matrigel and Fibronectin there was no significant increase in the speed of cell
migration in response to EGFig 42A). However, it is worth noting that in the presence of

EGF on these three conditions there veasiodest increase in speed. The speed between cells
migrating on Fibronectin, Matrigel, or Matrigel with Fibronectin did not vary much either.
Matrigel and Fibronectin combined did see the greatest difference in speed@th

treatment showing an 18% inzase as opposed to 13% on Matrigel and 6% on Fibronectin.
MDAMB-231 migrational speed was significantly upregulated by 32% on plastic in response to
EGFCell migrating on plastia the presence and absence of EGF showed the greatest and
lowest overalbpeed(Fig 42A) The forward migration index (FMI) was also calculated as it is a
YSIFaAdzZNBYSYy il 2F ¢2dzyR aSyairay3a | yRigdeRFMQ@SE t Qa
y2i OKIy3S dz2aR2y GKS FTRRAGAZY 27Fnam@atigd OSft f Q
mixed with Fibronectin. However, on Matrigel there was a significant 45% increase in the

forward direction of migratior{Fig 42C)
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Figure 41: In wound healing assay, MBMB-231 cells were treated with
100ng/ml EGF and seeded on eitl{A) plastic, (B) Fibronectin, (C) Matrigel, (D
or the combination of Matrigel and Fibronectin. The monolayer was scratchec
using a sterile pipette tip and cell migration was observed using-kiypse
microscopy for 17 hours. Representative images hmvs at given time points.
Scale bar is equal to 160pm.
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4.2.2 MDAMB-231 migration in responséo A5

Since it was showiimat the A5 isoquinolinone affected cell adhesion and that we know
transient adhesive interactions between integrins the ECM mediate cellular migration, we
decided to investigate whether Aters cell migration (VanCompernolle et al, 2003). MDA
MB-231 cells were seeded on the matrix components Fibronectin, Matrigel and type | collagen
and then treated with 50uM A5 for 17 hours in which monitoring at 10 minute intervals using
time-lapse micracopy was taken. Typically, baseline migration of NMIBA231 cells was
enhanced on all matrix coated surfaces compared with pléBtic43 and Fig 41). The speed

of migration increased significantly in the presence of A5 by 18, 20, and 35% on Filsronect
Matrigel, and type | collagen respectively when compared to cells migrating on the same
substrates but in the presence of DM@y 43A and Fig4lA) The effect of the A5

compound was most pronounced on type | collagen which saw the most enhancedsadn
migrational speed of cells when compared to Fibronectin and Matrigel. Unlike the A5
compounds effect on speed, there was no observed influence on the directionality of
migrating cells on any of the substrat@sg 43B and Fig-4B) Whilst not sgnificant, the

speed of cells migrating on all three substrates was impeded when treated with DMSO when

compared to untreated migrating cells.

4.2.3 MDAMB-231 invasion in response to chemoattractants EGF and FCS

After looking at the effect of EGF onlsahigrating on 2D planar surfaces we moved on to
observe its effect on cells migrating through a 3D Matrigel plug supplemented with Fibronectin
(Fig 45). For additional comparison in this experiment we also looked at another
chemoattractant FCS. In timesence of 20% FCS, EGF, and the combination of EGF and 20%
FCS there was approximately #08J increase in invasion through the Matrigel basement

extract when compared to cells migrating towards serum devoid of any chemoattra¢kgts
4-5B) The combiation of EGF and 20% FCS appeared to have no enhanced synergistic effect
on invading MDAVIB-231 cells. Additionally, whilst not significant it is worth noting that the
combination of chemoattratancts seemed to modestly cause less invasion when compared to
cells migrating towards them individually suggesting a slight suppressive effect. Total
fluorescence was greater across all conditions where a chemoattractant is present, however
was only significantly different to the control in wells with a combinatbdboth

chemoattractantgFig 45C)
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were seeded onto filter and allowed 72hours to migrate towards chemoattractants FCS
EGF. Invading cells were stained va#thceinrAM andvisualised using confocal microsgop
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4.2.4MDA-MB-231 invasion in response to A3

Having established that isoquinolinones can reduce cell adhesidrenhance cell migration

on 2D surfaces we looked to determine to what extent they may drive invasion. Just like our
previous inverted invasion assay experiment, cells where tested in their ability to migrate up
into, and through the Matrigel plug mixedith Fibronectin in response to media
supplemented with A50 uM)in both the lower and upper wellg-ig 46). The A3 compound
significantly induced invasion by 85% and 53% compared to DMSO and control welsBFig 4
DMSO had a suppressive effectiomasion shown by a four fold decrease compared to the
control. No significant difference total fluorescencevas observedetween any of the
conditions (Fig 46C).

4.2.5MDA-MB-231 invasion in response to A5

The effect of the A5 isoquinolinone on MIMB-231 invasion through Matrigel mixed with
Fibronectin was also determing@ig 46 and Fig 4). Qrerall cell invasion into, and through

the matrix was relatively lown response to A5 at 30 pun€ells showed a greater invasive

capacity in response toGF alone, and the combination of EGF with(iA§ 47B) Additionally,

there was a significant increase in invasion by 90% for cells invading in response to EGF
combined with A5 compared to cells invading in response to EGF combined with DMSO. Whilst
not ggnificant, there was an 88% decrease in invasion when DMSO was combined with EGF as
opposed to EGF alone suggesting a suppressive effect of [NtE4YB) In Figure 4B there

is a 3fold increase in invasion in response to A5 compared to DMSO, howesell invasion

was less than that of the control wellBhere was no significant difference in total fluorescence
amongst the three conditions Figure 47C. tdwever it is worth noting that there is

approximately Zold less total fluorescence for EGémpared to EGF combined with A5, and

EGF combined with DMSO which had the greatest total fluorescémé&égure 46C there is no

significant difference in total fluorescence between conditions either.
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4.3 Discussion

In this chapter the aim was to determine what effect the isoquinolinone compounds A5 and A3
have onMDAMB-231 cell migration anchivasion using both 2D and 3D models respectively.
The presentlata provides evidence that the A5 isoquinolinone compound induces cell
migration on components of the ECM amsbdestly drives cell invasiamhilst the A3

compound was found to induce the invasion of MBIR-231 significantly.

4.3.1 Involvement of EGF in wodrhealing

As stated previously, it is well documented that EGF acts as a chemoattractant in promoting
motility of a number of human cancer cell lines. Moreover, the effect of EGF on the migration
of mammary breast carcinoma cells MidB-231 has been wktlocumented. In typicah
vivowounds induced by trauma, cells adjacent to the site will sense the damage, proliferate,
migrate, synthesize and incorporate matrix components allowing for the closure of the wound
(Krishnamoorthy et al, 2012). Sincediscovery, EGF has been isolated and investigated in the
treatment of acute and chronic wounds in clinical practice. It is found abundantly at sites of
injury and is known to be upregulated in an autocrine and paracrine fashion by migrating cells
and cellof the stroma respectively (Hardwicke et al, 2008). This participation of growth
factors such as EGF in enhancing cell migration make them ideal for study as we can compare
them to the ability of the isoquinolinones to induce migration. In our experimanbbserved

a significant increase in the speed of migration on plastic, and modest, but not significant
speed increases on wells coated with matrix components. Studies have shown that EGF
enhances polarization and migration of Mib/B-231 cells into arti€ially created wounds

(Wang et al, 2013). EGF promotes MEIB-231 migration through the activation of a complex
intracellular signalling axis which to this day has not been fully elucidated. Binding of EGF to
EGFR causes activation of Arfé GTPase thritsighecific GEF GEP100 which allows for the
activation of Racl (Hu et al, 2012). Rac1l participates in the control of ROS machinery which
together in concert play a central role in the activation of PAB signalling (Yang et al, 2011).
Additionally, tre PI3KAKT signalling pathway is known to cause further regulation of Racl and
activation of Cdc42 in EGF stimulated breast cancer cells (Sturge et el, 2002). This causes
subsequent activation of PAK1, a downstream effector of Racl and Cdc42, and nilajier afo
growth factor signalling. PAK1 evokes cellular ruffling, increases reorganisation of the actin
cytoskeleton, induces rapid formation of lamellipodia as well as filopodia, and is associated

with FAK, MEK1, and Raf phosphorylation (Yang et al, Padét al, 2010).



79

Typically, the maotility of cells shows a biphasic behaviour with respect to adhesiveness to the
substrate that leads to a wedlefined spreading morphology typical on 2D surfaces (Wang et al,
2004). MDAMVIB-231 cells have been shown tagnate more effectively on matrix coated
surfaces in wound healing assays as opposed to control conditions (Maity et al, 2011: Yu and
Machesky, 2012). This is predominately due to integratrix signalling which was discussed

in the last chapter. Migratio on Matrigel and Fibronectin has shown to induce dynamic focal
adhesion turnover and expression of MMPs through FAK and the PI3K signalling pathway
(Maity et al, 2011: Yu and Machesky, 2012). In our experiment the morphology of cells
migrating on plastigvas not so different from those migrating on matdgated surfaces. This
indicates an unknown degree of serum must have been present and not fully eluted in the
resuspension phasé reason why we observed a greater speed on plastic then what has been
seen when compared to the matrithe ECM has been known to sequester and deposit growth
factors such as EGFhis meansells migrating on the matrix may have had less exposure as
opposed to those migrating on plastic (Shultz and Wysocki, 2008). Creativwgtimel through
scraping has also been known to create barriers which could impede cell migration into the
wound (Murrell et al, 2011). Observing migration over a longer may overcome these obstacles.
Also, whilst many studies have used EGF at a concentm@itib®Ong/ml there is some debate

that this is not the optimal concentration to use in wound healing assays. One study showed
that whilst 200ng/ml EGF increased cell speed, the overall chemotactic and directionality
response was decreased (Wang et al, 2004is may have produced an unreliable true

response of our cells migrating into the wound in our experiment.

4.3.2 EGF and FCS are inducers of breast cancer cell invasion

Our data shows that the chemoattractants EGF and FCS induce signalling thatratebesl|
migration machinery as in their absence invasion through the Matrigel basement extract
supplemented with Fibronectin was significantly reduced. This coincides with what has been
noted in other studies using EGF and FCS as chemoattractantsgH2@&L3: Abdelkarim et

al, 2011). Persistent cellular movement during chemotactic experiments requires the
establishment of a welllefined front to tail polarity towards the chemotactic gradient. This
configuration is the result of key signalling ewvettiat allow the cell to alter its shape during
migration. Many signalling pathways have been identified to operate downstream of the EGFR
receptor, however the EGRREP10Arf6-AMAP1 axis has been described as a central

pathway to MDAMB-231 tumour cellnvasion (Morishige et al, 2008: Sabe et al, 2009). It has
been shown that inhibition of GEP100, Arf6, and AMAP1 abolishes the invasive phenotype and

malignancy of breast cancer cells (Morishige et al, 2008). Moreover, knockdown of these
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proteins effectivéy blocks EGHduced Matrigel invasion. Arf6 and AMAP1 are essential in the
formation of invadopodia at the cell front. Arf6 localises and binds Racl causing the activation
of the PI3K signalling pathway allowing for the accumulation af i€ lipid poduct

responsible for the maintenance of cell polarity arddiin formation (Nakahara et al, 2003).
AMAP1 binds to cortactin and is implicated in regulating the formation of invadopodia through
recruitment of the Arp2/3 complex to existing actin micrafilants (Hashimoto et al, 2006).

As previously mentioned, EGF also regulates FAK phosphorylation and dephosphorylation
leading to increased motility through more dynamic temporal and spatial regulation of focal

adhesions (Lu et al, 2001).

Whilst is has ber defined that FCS can induce breast cancer cell invasion, as well as invasion
of several other metastatic cancer cell lines, there is a lack of mechanistic study on how this
may occur. This may be for the reason that there is a lack of consistencydartsiguents

that collectively make up the composition of FCS in differing batches meaning the
quantification of invasion is not so easily reproducible. FCS contains a number of growth
factors that can induce migration such as GFGFRJ, EGF, PDGF and insulin (Hsiao et al,
1987). Individually these are present in smaller concentration in FCS then what would be
required for effective migration, however collectively they may induce a synergistic effect that
allows for effective inasion (Hsiao et al, 1987). Our results showed that the combination of
FCS with EGF had no synergistic effect and perhaps together was slightly suppressive. However
due to only being a small decrease that was not significant we cannot fully concluds this a

suppressive effect and have to insinuate it as a result due to the nature of the experiment.

4.3.3 A5and A3 aranducers of cell migration and invasion

Since its discovery, supporting evidence has shown that Nutlin, the molecule that our
isoquinolirones are structurally based on, suppresses tumour growth and motility by
preventing p53 proteasomal degradation (Moran and Maki, 2010). In this chapter we showed
that the A5 isoquinolinone compound induces cell migration on ECM surfaces Fibronectin,
Matrigel, and type | collagen. Furthermore, we also found that A5 modestly enhances invasion
in MDAMB-231 cellawhilst A3 significantly drove cell invasiahilst no mechanistic function

has been assigned to the isoquinolinone compounds, we can make an dgsuoiphow they

may elicit a metastatic phenotype through what is known about the functional activity of

nutlin. A study by Moran and Maki showed that nutlin binds MDM2 preventing it from

antagonising p53 which then performs various tumour suppressotifumesuch as
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abrogating cancer cell growth, migration, invasion, and the proper formation of motile
structures such as lamellipodia (Moran and Maki, 2010). Interestingly, they found that in
sarcoma osteogenic cells nutlin actually induced cancer celatidg and invasion. The

underlying explanation for this phenomenon was rationalized through the fact that sarcoma
osteogenic cells have a mutant p53 as opposed to the other cell lines which hadtgpeild
p53(Moran and Maki, 2010). It has been identifthat MDAMB-231 breast cancer cells

express high levels of mutant p53 which is characterised by bothdndggain of function in
tumourigenesis (Hui et al, 2006). Mutant p53 in cells reduces the transactivation of the lipid
phosphatase PTEN leadingao increase of PYRind subsequently Piledependent GEFs

which activates and regulates Rac and Cdc42. Moreover, a study has found that mutant p53
can activate Rac directly through unknown mechanisms (Yeudall et al, 2011). Alteration in p53
behaviour ale leads to increased levels of Gigund RhoA and activation of its downstream
effector ROCK which has been shown to drive rapid translocation of cells through Matrigel and
collagen.In p53 mutant cellghe intrinsic expression of collageasd Fibronecti is acquired
allowingfor more proficient interactions between the cell and the ECM matrix (Muller et al,
2011). Additionally gain of function p53 has been shown to upregulate the secretion of
OKSY21AyYySQa Ay@2t SR Ay RDNA)DEhgsE fin@rigys i previdud NI G A
studies on nutlin and mutant p53 provide a possible explanation on how our isoquionlinone

compounds may work to induce cancer cell migratiomitro.

4.3.4 Summary

In this chapter we identified that EGF and the A5 poond can induce MDMB-231 breast
cancer cell migration on Fibronectin, Matrigel, and type | collagen. Additionally, we also
showed that EGF and FCS enhanced invasion ofB231 through Matrigel, which was
modest in response to A5 and absent in resgotts A3. In the next chapter we will investigate
the mechanism of our isoquinolinone compounds and identify delineating pathways

associated with cell migration.
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Chapter 5: Isoquinolinones effect on gene expression

5.1 Introduction

In order for manycellular responssto be carried out the synthesis of new proteins is required.
An environmental stimulus from a growth factor, mitogen, or motogen causes changes in
protein expression which in some cases can be detected within minutes of stimulation. This
alteration in expression is mediated by signal transduction pathways that regulate a multitude
of transcription factors thereby allowing control of cellular processes (Parikh et al, 2840).
example of this would include the activation of several immexlesdrly genes (IEGs) such as
Egrl that can be activated within 30 minutes of stimulation by the MAIRK signalling

pathway (Saghen et al, 2012)Asmentionedpreviously, there is currently no literature
pertaining to the understanding of how isoquimaines mechanistically work. Collectively
studies have found that isoquinolinones have both intracellular and extracellular targets which

are still being explored (Seitz et al, 2007: Rothweiler et al, 2008).

The disphcement of mutant p53 from a pr®rmed complex with MDM2 by intervention of

the isoquinolinones is most likely to cause alterations in gene expression. Mutant p53

expression is high in many cancers and has been described to act as a transcription factor in its
own right influencing promoteactivity through the Nlerminal transactivation domain (Muller

et al, 2011). It has been shown that mutant p53 can repress MDM2 preventing Slug

degradation and alleviate repression of Twist which allows for the partial induction of EMT

(Wang et al, 200KoganSakin et al, 2011). Other direct targets of mutant p53 that have been
identified include guanine nucleotide dissociation inhibitor (RhoGDI), exchange factor for RhoA
(Rho GEFI), and paxillihm ¢ KA OK | NB | ff AYLX A Olindr€aRed gelff wK 2
migration(Muller et al, 2011). There are however many nprtential targets of mutant p53

still being identified that play a role in the induction of a more metastatic phenotype.

Since Isoquinolinones can also bind specific integrirs allows for the assumption to be

made that they can induce a diverse array of signalling cascades. Studies by Seitz et al showed
GOKFG Aaz2ljdaAay2ftAy2yS RSNAGIGAQGSE O2dxAZ R 0AYyR A
Whilstthese compounds hadngagonisteffects, it is possible that alterations in structure could

lead to an agonistic effect that initiates signalling. Since this has yet to be explored it is without

certainty which pathways may be activated in the presence of these compounds.
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Asshown n the previous two chaptershe synthetic A5 analogue reducedll adhesion of our
cells to the matrix, enhances cell migration, and to a lesser degree invasion. In this chapter
someunderlying mechanismsf enhanced migration and invasion are dedd In order to
accomplish this we performed an mRNA microarray screen to search for genes that are

expressed in an isoquinolinofspecific manner.

5.2.2Results

5.2.1DNA microarray analysis identified an isoquinolinone gene expression signature

To ddermine whether isoquinolinonepecifc regulation of gene expression was responsible
for influencing cell migratioand invasion HT1080 cells were seeded onto plastic and Matrigel
followed by treatment with either 0.5% DMSO or 50uM A3 compound for 24 Hoyurs
colleagues in the Gavrilovic lathese conditions were used in the microarray because a lot of
prior work had been conducted with HT1080 cells on Matugéig A3The time point was
chosen from the HT1080 invasion assays as 24 hotlmgught to bea sufficient period of

time for the compound to have an effect causing gene expression changes that contribute to
enhanced migration and invasiofiHowe, J., Beven, D., Searcey, M. Bagerne, E.Gavrilovic,
Junpublished observations The initial analsis for the microarray was conducted by the
Cambridge genomic services as explained in the materials and methods in chapter 2. The
analysis ofjeneshere was determined bgn adjustecp-@ I t dzS 2 Fwhitredonmot | Y R
they were either up, or downreguhted by 1.4 fold or greater. This eoff point has been
approved in many studies and it has been shown that 1.4 fold yields the most significant
correlations between microarray and PCR data with higheo&futoints showing greater
disparities (Morey eal, 2006). After applying our filtering criteria we obtained 70 genes on
plastic, and 33 genes on Matrigel, whose genes expression was altered following A3 treatment
as shown irFig 51A/B and Fig 2A respectivelyOf the 70 genes altered in cells growm o
plastic, 34 were dowanegulated and 36 were upegulated in response to A& shown irFig5s-
1Aand5-1BrespectivelyFor cells grown on Matrigel, out of the 33 altered genes, 27 were
down-regulated and 6 were upegulated(Fig5-2A). These changes hitight that more genes
were downregulated in comparison to genes-oggulated in response to A3 when cells are
grown on Matrigel. Whilst for cells growth on plastic there is a more even proportion-of up

and downregulated genes in response to A3. Addiatiy, there are more than double the
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genes that are differentially regulated on plastic compared to Matrigel in A3 treated cells.
Moreover6 genes were downegulated on both plastic and Matrigel in response to(Rig 5
2B).

To further refine the list offenes whose expression was altered in the presence of the A3
compound, an additional filtering criterion was introduced. Using the DAVID (database for
annotation, visualisation and integrated discovery) 6.7 sabed software all the

differentially reguléed genes were filtered by the functional annotation tool. This clustered
the genes into high stringency functional groups which were determined by correlating those
genes withindividually selectediterature based findingdwith a focus orgenesspecifc to cell
migration themicroarray surprisinglghowed that severahigration-associatedyenes such as

IL-8 and CYR6RWere down-regulated in response to A3. &\hypothesized there may be a
biphasic pattern of gene expression during the course of the 24 period. This has been

shown in studies including one that treated HT1080 cells with trifluoperazine which increased
the expression oEGRLp to 1 hour, and then was followed by a steady decline (Shin et al,
2001). After analysing these genes from salstudies displaying their effect and drawing up

a preliminary paradigm 15 genes were carefully selected for further validation as displayed in

Table 51.
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Figure 51 Genes regulated in regmse to A3 on Plastic

HT1080 cells growth on plastic and stimulated with the A3 compound for 24 hours
RNA was extracted, labelled, and subjected to wigg#aome expression profiling
using lllumina exyession chips. A) Genes-tggulated in response to A3 and B) Gene
downregulated in response to A3. Plotted genes are those which showed significe
changes in expression@l £ dzS Xnonp FyR F2f R OKIy3:
DMSO.
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Figure5-2 Genes regulated in response to A3 on Matrigel and both plating
conditions

A) Genes upegulated and dowstegulated inresponse to A3 and B) Genes that wer
regulated response to A3 on both matrix and plastic coated surfaces. Plotted gene
those which showed significant changes in expressignlpt dzS Xn ®np |
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Table 51- List of genes whose expression is regulated in an A3
compound dependent manner and involved in cell migrati®anes
are those which showed significant changes in expressiaiye

Xndnp FYR F2fR OKIFIy3aS 2F xmon
GbaRSy2i(Sa OKIy3aSao
Gene symbol Fold change
Plastic Matrigel
EGR1 @24 b
CYR61 QH dm 1.8
CTGF emodp 1.6
IL-8 Q@mdy 1.8
CCL2 @15 b
CCL5 b @m®dn
TGFA @15 b
FPR1 @15 b
MYC b @1l.6
SAAl b @16
ETS1 b @15
NFE2L3 b Q@14
EPHA2 b Q@14
HBEGF b Q1.7
RHOQ b Hl.4
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5.22 Validation of A3dependent gene expression in HT1080 cells ugiRFPCR

To verify Adependent gene expression signeds the HT1080 cDNA samples obserivetthe
microarray were validated using gfiRCRFig A2) All gRTPCR experiments used tbedd

method to obtain the relative quantification which normalises ougitrgenes against a

reference 18s gene. Furthermore validation of a select few genes from HT1080 cells that were
treated with the A3 compound for 4 houits a separate experimemqtrepared by Dr Damon

Bevan and LiarRudwellwas also conducte(Fig A1l)Dueto only a limited amount of cDNA

sampleremainingonly seven genes were analysed from the 4 hour exposure experiment.

Outof the selected 15 genes, Alidatedby gRFPCReorrelated with the DNA microarray
data at a 24 hour time poir{fTable 52). Thefive genes that did not correlate with the
microarray data includ&TS1, FRP1, HBEGF, MMENFE2L2s shown byrigures AL.G, H, I,
K and L respectivelyThese genes failed to shaignificant changes in expressiorrésponse
to A3; however they didlow the same trend Both FPRIlandHBEGFshowed &0.06
significant dowrregulationon Plastic andatrigel respectively. Additionally, CCL%vas found
to be repressed only on Matrigel from the DNA microarray but ourBRR data shows that
A3 significarly repressed expression GICL®n both plastic and Matrig€Fig5-4B andFig 5
5A). This however is due to our coff point of 1.4 fold a&CL3%vas downregulated in
response to A3 on plastic in the DNA microarray but at 1.3 fold. The majority of wenes
downregulated in response to A3 by 125old. EGRJAnd SAAlshowed a greater repression
in mMRNA by 8:and 4 fold respectively compared to the other genegb-4EandFig 55G).

At the 4 hour time interval we found th&CL2vas suppressed grdstby 91 fold on plastic
(Figh-3A).Onboth plastic and Matrigel A3 treated samples had highaties that ranged

between 35 and 37 meanirgjther extremely low expression, or no expression of CCL2. This
indicates A3 may repress expression of CCL2 atetplat this time point in HT1080 cells.

Whilst no other significant differences were found at 4 hours, it is worth notingRi#®Q,

CTGF, CYR&#f®dIL-8 had elevated mRNA expression in response to A3 by#,3 and 9 fold
respectively on plastiFg A1F,B,C, and Byloreover,EGRMhad a nonsignificant increase in
MRNA by 132 fold and 30 fold on plastic and Matrigel respectively in response to A3 treatment
(Fig A1D)



Table 2 HT1080 summarised gene expression response to A3 ahd 24 hours
Where variation in gene expression is significant when comparing A3 to DMS
treated celf the significance and fold change has been recorded. Fold chang
was worked out by dividing the average Log-(@of each condition against eacl
20KSNX aAONRBFNNIe& NBadzZ 6a AydS3aNI G
Significance was measured usihg students paired-test, *pXXn ® ngi¢h O pv
rpKneénnamo

Gene 4 hours 24 hours Microarray 24 hours
PL eY PL MG PL MG

CCL2 @ 91 fold * b 2 fold * b Q@

CCL5 b b @ o TFT2f R5fpld* b Q@modn

CTGF b b @ H F2fR F @ mop

CYR61 b b @ Hdp F2fR F @ modp T

EGR1 b b b @ yop F2fR Q@ubn ¥

EPHA2 b b b 1.5 fold * L Q@ @mdn

ETS1 b b b

FRP1 b b b b @modp F2LR

HBEGF b b fold

IL-8 b b @ H F2fR FF @ HO vBIBIE |

MYC b b

NFE2L3 b b b b b

RHOQ b b b m Mdp ¥

SAAL b b b @ n T2

TGFA b @ 1.5 fold * b bbb

89



CCL2/18s

0.0016 +
0.0014 +
0.0012 +
0.001 +
0.0008 +
0.0006 +
0.0004 +
0.0002 +

90

CCL2

DMSO A3

Plastic

Figure 53 HT1080 expression of genes in response to A3 compared to
DMSO at 4 hourgxpression levels determined by gRTR at 4 hours in
HT1080 cells A) is the CCL2 gene. Each bar resesean + S.E.M of four
samples and is displayed as the relative quantification. All MRNA express
normalised to 18s control. Significance was measured using the students
pairedt-test, *pKn O npih GpwEnN PFFMP ¢ KA & SELIS
once.
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Figure 54 Plastic plated HT1080 cells gene expression in response to A3 compar
to DMSO at 24 hourExpression levels determined by gRCR at 24 hours in HT10¢
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