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Abstract

Cten is upregulated in a number of tumour types and in colorectal cancer
(CRC), expression is associated with advanced stage, poor prognosis and
distant metastasis. Cten appears to regulate cell motility and it can confer
features of stemness although, the knowledge of underlying signalling
mechanisms is sparse. Cten is localised at focal adhesions and in the
nucleus. It may promote cell motility through the regulation of cell
adhesion and it may confer stemness through gene activation. To
determine the biological activity of Cten in CRC, this thesis investigated

three areas of Cten signalling.

Nuclear expression of Cten is more prevalent in liver metastasis than the
primary tumour. In the nucleus, Cten binds to B-catenin, however, the
relevance of this is not known. To investigate the function of Cten in the
nucleus, CRC cell lines were transfected with nuclear targeted Cten (NLS-
Cten) and cell proliferation, migration and colony formation efficiency
assessed. Expression profiling was performed to identify the underlying
molecular mechanisms and additionally, the effect of Cten on B-catenin
transcriptional activity was explored. Nuclear localised Cten was associated
with increased cell migration and colony formation efficiency however it
was found likely that Cten did not induce this activity through the

regulation of B-catenin transcriptional activity.

Activation of Epidermal growth factor receptor (EGFR) signalling in breast
cell lines stimulates cell motility and upregulates Cten expression whilst
simultaneously downregulating the expression of Tensin 3, known as the
Tensin switch. Activity is mediated through signalling downstream to
Deleted in liver cancer 1 (DLC1). This pathway was tested in CRC.

Stimulation of CRC cell lines with recombinant Epidermal growth factor

IX



(EGF) and knockdown of Kirsten rat sarcoma viral oncogene homolog
(Kras) resulted in up and downregulation of Cten respectively. A Tensin
switch was not observed and, unexpectedly, Tensin 3 was stabilised by
Cten signalling. Additionally, DLC1 was not expressed in the majority of
cell lines investigated. It is possible that these mechanisms are either
tissue dependent or different pathways operate in normal and cancer cell

lines.

Since Cten mediated cell migration was not regulated by a Tensin switch
mechanism in CRC, other mechanisms of cell migration were sought. In
CRC, Cten signalling downregulates E-cadherin expression. This prompted
the investigation of Cten’s role in epithelial to mesenchymal transition
(EMT) signalling. An EMT marker panel was investigated following the
manipulation of Cten expression. Snail was identified as a novel target of
Cten signalling and additionally, Cten was shown to promote the
stabilisation of Snail protein. Furthermore, this signalling was functionally

relevant and contributed to increased cell invasion and migration.

To investigate Cten signalling, expression was manipulated using a dual
approach of Cten forced expression using a plasmid expression construct
and siRNA mediated knockdown. To develop more refined models, the
novel, Clustered regularly interspaced short palindromic repeats — CRISPR
associated nuclease 9 (CRISPR-Cas9) genome editing technology was
utilised to create a Cten knockout SW620 cell line (SW620*"™°) thus
providing an alternative or supplementary method to interrogate Cten

signalling in CRC.

This study adds to the ongoing discussion of the role of Cten in cancer. It
was confirmed that Cten was regulated by EGFR and Kras signalling but

without a Tensin switch, however Cten did promote cell motility through




the stabilisation of Snail suggesting that Cten may play a role in EMT
processes. Finally, Cten displays enhanced oncogenic activity in the
nucleus which may further promote metastasis. Further refinement of
these pathways will increase the understanding of the invasion-metastasis

cascade.
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1. General Introduction

1.1 Colorectal Cancer

CRC is a major health issue, it is the third most commonly diagnosed
malignancy in the UK and worldwide 1.2 million people are diagnosed
yearly. The number of patients diagnosed with the disease has increased,
likely due to improvements in screening and detection methods. Despite
this, mortality rates have gradually fallen to 600,000 deaths per year
worldwide which may also be attributed to earlier detection and better
treatment options. CRC is more prevalent in men and as with most
cancers, the prevalence increases with age. The incidence is greater in
western countries, namely Europe, United States and Oceanic countries but
it is on the increase in other counties as they adopt a more westernised
lifestyle (Center et al., 2009, Brenner et al., 2014). Patient prognosis has
seen a recent improvement in developed countries although there is still an
imperative need to understand the stages in malignant transformation to

circumvent the high mortality associated with CRC (Brenner et al., 2014).

1.1.1 Molecular Pathogenesis and Classification

Almost all CRC is adenocarcinoma and arises from the uncontrolled
proliferation of epithelial cells of the colon and rectum. CRCs are generally
sporadic and develop from a benign precursor lesion known as an
adenoma. This may progress into a malignant cancer which can invade
through the bowel wall and into surrounding tissues, namely the abdomen
and pelvis. With further progression, tumour cells will metastasise to the

local lymph nodes and then to distant sites such as the liver.

Genetic instability underpins the development of CRC. Progression from
normal epithelium through to adenoma, cancer and ultimately metastasis

is driven by gene mutations that correspond to histologic changes
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(Armaghany et al., 2012). Approximately 70-85% of cases arise as a result
of chromosome instability (CIN) (Worthley and Leggett, 2010). Comprising
the majority of cases, CIN is characterised by deletions or amplifications of
chromosomal regions. The classical multi-hit model for this process states
that sequential Adenomatous polyposis coli (APC), KRAS, chromosome
region 18q and Tumour protein p53 (7TP53) mutations, among others,
allows for progression from adenoma to advanced metastatic disease

(figure 1-1) (Fearon and Vogelstein, 1990).

The microsatellite instability (MSI) route to carcinogenesis is characterised
by mutations or loss of function in the DNA mismatch repair enzymes
including MutL homolog 1 (MLH1), MutL homolog 2 (MLHZ2), MutL homolog
6 (MLH6) or PMS2 postmeiotic segregation increased 2 (PMS2). Alterations
of these genes leads to defective repair of insertional or deletional
mutations (Indels) occurring at microsatellite sequences which, causes the
accumulation of mutations in these regions (Montazer Haghighi et al.,
2009). Approximately 15% of CRCs follow this route to carcinogenesis
(Boland and Goel, 2010). CRCs may also arise through the CpG island
methylator phenotype (CIMP) pathway in which methylation of the
promoter regions of tumour suppressor genes encourages uncontrolled cell
growth. The CIMP pathway is often associated with MSI, for example,
MLH1 is often inactivated through promoter hypermethylation
(Nazemalhosseini Mojarad et al., 2013). In addition to those discussed, a
number of other classifications and molecular subtypes of CRC have been

proposed (Guinney et al., 2015, Chan et al., 2001).

Although most cases of CRC are sporadic, hereditary disease forms also

occur. Familial adenomatous polyposis (FAP) is characterised by CIN
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(Groden et al., 1991). Hereditary non-polyposis colorectal cancer (HNPCC)
follows the MSI route to carcinogenesis (Leach et al., 1993, Bronner et al.,
1994). However, colorectal carcinogenesis is complex with additional genes

and molecular pathways further implicated in disease progression.

APC KRAS ”
CRAS SMAD4

! ! l ! l

o [ | [ ] [ | [ |

Normal
Epithelium

Figure 1-1: The classical CIN adenocarcinoma sequence. Progression from
normal epithelium to metastasis is driven my gene mutations. The classical
CIN adenocarcinoma sequence states that sequential genomic alterations

in APC, KRAS, chromosomal region 18q and TP53 drive carcinogenesis.

1.1.2 Tools for Diagnosis

Diagnosis of CRC often comprises a sigmoidoscopy, colonoscopy or barium
enema to identify any abnormalities in the colon or rectal wall and to allow
for biopsies to be taken for further analysis. Following diagnosis,
assessment of spread (i.e. tumour staging) may be investigated by x-ray,
computerised tomography (CT) scanning or magnetic resonance imaging
(MRI). Tumour stage is now more commonly assessed by the TNM
classification system which is considered more precise than the previously
used Dukes’ staging system. This method assesses tumour penetration,
nodal involvement and metastatic spread, which is used to assign the

tumour a stage depending on the extent of spread (figure 1-2). Four
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stages are used to define tumour penetration into the layers of the bowel
wall (T1-T4). A T1 tumour is confined to the submucosa and penetrates
with increasing stage, through the muscalaris propria, serosa and
peritoneal surface. The extent of lymph node involvement is classified as 1
of 3 stages (NO-N2) to describe the tumour as having no lymph node
involvement, tumour cells in 1-3 lymph nodes or the involvement of over 3
lymph nodes. The absence or presence of metastatic spread to distant
organs is classified as MO or M1 respectively. These are then categorised
as an overall stage depending on the severity from carcinoma in situ
(stage 0) through to metastatic cancer (stage 4) (Perston, 2011). This,
together with the histological assessment of tumour grade, allows patient

prognosis to be predicted and treatment routes to be followed accordingly.




Stage 1 Stage 2 Stage 3 Stage 4
T1 T2 T3 T4 N1 N2 M1

Mucosa >

Muscularis
Mucosa >
Submucosa—>|

Muscularis
Propia -

N
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Fat—>
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Figure 1-2: TNM staging of CRC. The TNM staging system assesses the extent of tumour penetration (T1-4), lymph node involvement
(NO-2) and the occurrence of distant metastasis (MO or M1), which are combined to give an overall stage (1-4). The TNM stage can be

used to predict patient prognosis and guide treatment.
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1.1.3 Therapeutic Intervention

The management of CRC is dependent on the tumour stage and in
addition, the molecular classification may also direct therapy. Treatment
for early CRC commonly comprises complete tumour removal although
adjuvant chemotherapy or radiation therapy may be required for locally
advanced disease. Fewer therapeutic options exist for metastatic disease.
Surgery together with neoadjuvant and/or adjuvant therapy may be used

to eradicate the tumour.

Chemotherapy traditionally targets DNA replication and transcription
processes and hence cell growth. Five-fluorouracil (5-FU) is a uracil
analogue, metabolites of which can be incorporated into RNA and also act
to inhibit thymidylate synthase, crucial for thymidine synthesis. It is often
administered alongside bio-modulating agent Leucovorin (LV) to increase
potency. Sensitivity may depend on the mutation spectrum as deletion of
TP53 has been shown to reduce sensitivity to 5-FU (Bunz et al., 1999). In
CRC, there is a 10-15% patient response rate to 5-FU but rates can be
improved by combination with other chemotherapies (Longley et al.,
2003). Newer chemotherapies include Irinotecan, which targets
Topoisomerase I. Irinotecan binds to and increases the stability of the
DNA-Topoisomerase complex thereby preventing continuation of DNA
replication (Fuchs et al., 2006). Combinations of 5-FU/LV with Irinotecan
increased disease free and overall survival compared to 5-FU/LV alone
(Saltz et al., 2000). Alternatively, Oxaliplatin may be administered.
Oxaliplatin is a platinum agent that prevents DNA replication through the

induction of DNA crosslinking. Response rates can be improved when used




1. General Introduction

in conjunction with 5-FU (Rothenberg, 2000). In some circumstances,

chemotherapy may be administered alongside targeted therapies.

Unlike chemotherapies that non-specifically target proliferating cells,
targeted therapies such as monoclonal antibodies and molecular inhibitors
interfere with specific molecules to help prevent and reduce tumour
growth. Cetuximab and Panitumumab monoclonal antibodies both target
the extracellular domain of EGFR, competitively inhibiting the binding of
EGF and thus prevent downstream pathway activation. These therapies
however are rendered ineffective in patients with mutated downstream
target genes such as KRAS and BRAF which are commonly mutated in CRC
(Misale et al., 2012). Thus anti-EGFR therapies are only administered to
those with wt. KRAS, spurring an era of personalised medicine.
Bevacizumab and Ramucirumab monoclonal antibodies both target VEGF
signalling to prevent blood vessel growth (Ferrara et al., 2004). These
therapies are used in the treatment of advanced, metastatic CRC.
Regorafenib, a kinase inhibitor is also administered to prevent angiogenic
processes in addition to other pathways promoting tumour growth.
Although therapies may show initial success, resistance often prevails
through downstream mutation in the targeted pathways, eventually
rendering these therapies ineffective. Furthermore, treatment options for
more advanced metastatic disease are limited and palliative rather than
curative treatment is often the only option. Considering this, it is important

that improved therapies are made available for late stage CRCs.
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1.2 Cancer Metastasis

1.2.1 A multi-step process

The majority of cancer related deaths are attributed to metastatic disease.
Consequently, it is imperative that the pathways involved in metastatic
spread are understood (Spano et al., 2012). For a cell to establish tumour
growth at a secondary site it must successfully undergo a sequential,
coordinated series of events accomplished by the acquisition of molecular
alterations. Metastasis is an inefficient process that is completed by only a
minority of cells but, once achieved, it has a dramatic, negative impact on

patient prognosis.

1.2.1.1 Cancer Cell Dissemination

Cancer metastasis is the spread of cancer cells to distant tissues of the
body and broadly comprises the processes of cancer cell dissemination
from the primary tumour followed by adaptation and growth at the distant
site. Cancer cell metastasis involves the acquirement of migratory
capabilities to permit cell movement to the secondary tissue. Further to
increased cell migration, invasion is the passage of a cell through the
tissue extracellular matrix (ECM), characterised by increased proteolytic
activity and ECM breakdown. Cell invasion is an initial step in cancer
metastasis. Both are closely linked processes and together are termed the

invasion-metastasis cascade.

As the primary tumour grows, it breaches tissue boundaries and spreads
into adjacent tissues. In attempt to reach the vascular system, the tumour
cells may invade collectively, without losing contact with the initial tumour,

or as sheets of epithelia. Alternatively, single cells may break away from
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the primary tumour in an amoeboid or mesenchymal fashion. Amoeboid
movement of single cells is characterised by squeezing through matrix
barriers whereas mesenchymal migration is characterised by ECM
breakdown (Yilmaz and Christofori, 2010). Tumours arising in different
tissues tend to invade using a particular mode of migration however, it is
likely that cells undergo mesenchymal amoeboid transition (MAT) and vice

versa to adapt to variations in the microenvironment (Taddei et al., 2014).

Epithelial cell architecture is maintained by cell to cell junctions namely
adherens junctions, tight junctions, gap junctions and desmosomes.
Furthermore, epithelial cells are anchored to the underlying ECM via focal
adhesions and hemidesmosomes (figure 1-3). During mesenchymal
movement, cells may detach from the primary tumour by undergoing EMT,
a process whereby epithelial cells display phenotypic plasticity by adopting
a mesenchymal phenotype. This endows the cell with greater invasive
capabilities. During EMT, the loss of adhesion is governed by changes in
the expression of cell adhesion molecules that make up these cell
junctional complexes. Epithelial cells experience loss of basolateral to
apical polarity and adopt front to back polarity, as displayed by
mesenchymal cells. Furthermore, cytoskeletal rearrangements induce
morphological cell changes to form cell protrusions including lamellopodia
and filopodia to aid cell motility (Lamouille et al., 2014). EMT pathways
promote the formation of invadopodia that secrete proteolytic enzymes
including matrix metalloproteases (MMPs) to facilitate ECM degradation
(Bravo-Cordero et al., 2012). Further actin structural rearrangements
promote stress fibre formation to facilitate cell migration. Interaction with
the surrounding stroma is postulated to aid the invasion-metastasis

cascade (Provenzano et al., 2006).
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Following local invasion, cancer cell intravasation into nearby blood vessels
and lymphatics is facilitated by the ‘leaky’ neovasuclar system (Weidner,
2002). Extravasation into the distant tissue is aided by the expression of
growth factors and cytokine signalling. Cytokines may act as
chemoattractants, for example, the chemokine receptor CXCR4 is
expressed by cells derived from numerous tumour types and promotes
migration towards target tissues that secrete its cognate ligand (Mukherjee
and Zhao, 2013, Murakami et al., 2013). Moreover, the cell must undergo

this obstacle of events whilst evading the immune responses.
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Tight junctions

Adherens junctions

Actin

Microtubules

Intermediate filaments

Desmosomes

\

.‘\ Hemidesmosomes

Focal adhesions

Figure 1-3: Epithelial cell junctions. Epithelial cell structure is maintained
by cell-cell and cell-ECM junctions. Tight junctions form regions of cell-cell
attachment near the apical surface and are maintained by Claudins,
Occludin and ZO proteins. Adherens junctions mediate cell-cell attachment
via cadherin molecules which link via catenins to the actin cytoskeleton.
Desmosomes form strong attachments to the intermediate filaments of
neighbouring cells. Focal adhesions and hemidesmosomes mediate cell-

ECM adhesion.
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1.2.1.2 Metastatic Colonisation

Upon reaching the target site, survival in a new, hostile environment is the
next obstacle for the tumour cell to overcome. Initially, cells may form
micrometastasis under these unfavourable conditions before progression to
clinically detectable tumour growth. It is postulated that the reversal of
EMT, mesenchymal to epithelial transition (MET), may occur to seed
metastasis. This is demonstrated by the re-expression of epithelial markers
and the loss of mesenchymal markers in metastatic tumours. EMT
transcription factors can supress cell proliferation and reversal of this may
promote tumour cell proliferation at the secondary site (Brabletz et al.,
2001, Tsai et al., 2012). Together with the stimulation of angiogenic
processes, clinically detectable macroscopic tumour metastases may

prevail.

Metastases have a tendency to form in particular tissues dependant on the
tumour type. This could just be a passive process dependent on tissue
proximity to the primary tumour but accumulating evidence suggests that
biological mechanisms permit secondary tumour growth at particular sites.
The ‘seed and soil’ hypothesis states that tumour cells establish secondary
tumour growth in particular distant tissues dependent on the environment
of that tissue and its compatibility (Paget, 1889). Theories also suggest
that the cell can secrete factors that prime the new environment ready for

the cell’s arrival (Kaplan et al., 2005).

1.2.2 The Role of Cancer Stem Cells in Metastasis

It has been proposed that only a subset of cells have the ability to
establish clinically detectable metastasis and, those that have this ability,

have attributes of stem cells, or cancer stem cells (CSCs). Stem cells have

13



1. General Introduction

self-renewal property and therefore can establish secondary growth at the
distant site however it is likely that further attributes of stem cells promote
metastatic growth. Cells in primary tumours that display high expression of
stem cell markers show a higher tendency to metastasise and depletion of
these cell pools abrogates metastasis (Pang et al., 2010, Hermann et al.,
2007). Furthermore, the induction of EMT has been linked to the CSC
concept. EMT programmes co-induce stem-cell pathways and those cells
that are able to metastasise are coined ‘migrating stem cells’. (Brabletz et
al., 2005). In CRC, cells at the invasive tumour front were shown to have
reduced expression of epithelial cell junction marker E-cadherin, and
therefore thought to have undergone EMT. These cells were in an
undifferentiated state, a feature of stem cells. Additionally, they displayed
nuclear expression of B-catenin which is a feature of active Wnt signalling
that maintains the stem cell compartment in the normal intestinal
epithelium. These were phenotypically distinct from the cells in the centre
of the tumour that displayed high expression of E-cadherin and an absence
of B-catenin in the nucleus. Interestingly, differentiated cells were present
in the corresponding liver metastasis suggesting that MET had occurred at
the metastatic site (Brabletz et al., 2001). Further evidence supports the
involvement of CSCs in EMT. The induction of EMT in human mammary
epithelial cells was associated with the expression of mesenchymal
markers. In addition, the induction of EMT also gave rise to a population of
cells with properties of breast stem cells defined by CD44""/CD24""
marker expression. Cells that had undergone EMT were also more efficient
at mammosphere growth, another property of stem cells (Mani et al.,

2008).
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Recent evidence supports the view that CSCs may be involved in EMT
processes however, it is not known whether pathways promoting
metastasis are always linked to stem cell properties. Using alternative
models, others have shown the uncoupling of EMT and cell stemness
(Ocana et al., 2012). It is clear that advances have been made in trying to
determine the molecular pathways associated with metastatic spread
however the complexity of events it entails precludes full understanding. It
is evident that EMT processes play a central role and it is likely that this is

driven by the induction of stem cell pathways.

1.2.3 Targeting metastasis

It is estimated that 90% of deaths arising from cancer do so as a result of
metastasis (Spano et al., 2012). Thus, there is a critical need to use the
knowledge of molecular mechanisms to develop therapies to target this
process. Additionally, as many of the steps in metastasis are common
among cancers, it would seem a logical and a worthwhile process to target.
However, despite its clinical relevance, the current success of

antimetastatic drugs is poor.

As discussed, there are some therapies targeted at molecules involved in
metastatic spread in routine use, including inhibitors of angiogenic
processes. Moreover, therapies against other metastatic pathways are
under investigation, including inhibitors of Axl (a tyrosine kinase involved
in EMT signalling), which reduced the metastatic burden of breast tumours
in animal models and is demonstrating success in a number of tumour
types (Holland et al., 2010, Myers et al., 2015). It is clear that despite the
clinical significance of metastasis, the development of therapies targeting

these pathways is limited. The drug discovery process may be facilitated
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by further understanding of the complex series of molecular events
involved. The molecular changes that may contribute to metastasis are

next reviewed.

1.3 Focal Adhesions

1.3.1 The Structure of Focal Adhesions

Focal adhesions are large molecular assemblies that form an attachment
between the cell and the ECM and consequently play crucial roles in cell
migration. Focal adhesions are centred around membrane bound integrin
receptors. Integrins are heterodimeric proteins comprising non-covalently
associated a and a B subunits. In total there exist 18 a and 8 B subunits
that combine to give 24 different integrin heterodimers. Externally,
Integrins bind to ECM components including collagen, laminin and
fibronectin (Knight et al., 2000, Huveneers et al., 2008, Belkin and Stepp,
2000). Internally, Integrins link to the actin cytoskeleton via large dynamic
protein complexes. The proteins that bind to the cytoplasmic domain of the
B-integrin subunit often do so via phosphotyrosine binding (PTB) domains
that link to 1 of 2 conserved NXXY motifs in the integrin cytoplasmic tail.
Integrin binding proteins link to the cytoskeleton either directly or
indirectly through the binding of other proteins found in complex at focal
adhesions (figure 1-4) (Zaidel-Bar et al., 2007, Campbell and Humphries,

2011).
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Figure 1-4: The structure of focal adhesions. Focal adhesions are centred
around integrin receptors. They bind externally to ECM components and
link internally to the actin cytoskeleton via large dynamic molecular protein
complexes comprising protein kinases, phosphatases and adaptor

molecules.
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1.3.2 Focal Adhesion Signalling Regulates Cell Migration

Focal adhesions provide a mechanical linkage from the cell interior to the
ECM, and in addition, serve as signalling platforms to regulate a range of
cellular processes concerned with cell motility, differentiation and
proliferation (Lo, 2006). Focal adhesions are critical for cell migration with
continuous cycles of cell protrusion and attachment to the substratum at
the leading edge followed by detachment and retraction at the cell
posterior, regulated by focal adhesion dynamics and the associated
coupling of actin filaments. The tension generated is able to promote
changes in cell morphology and generate traction to pull the cell body. In
actively migrating cells, focal adhesions are continuously forming, maturing
and disassembling to regulate cell attachment to the underlying ECM
(Wehrle-Haller, 2012). Adaptor proteins such as Talin, Paxillin and Vincullin
provide links between Integrins and the cytoskeleton whilst kinases such
as Src and FAK transmit downstream intracellular signals through
phosphorylation events (Westhoff et al., 2004, Fukumoto et al., 2015,

Legate and Fassler, 2009).

Focal adhesions form at lamellopodia of a migrating cell and mature as the
migrating cell moves over them. The different stages of the focal adhesion
life cycle are associated with the sequential recruitment of different
proteins (Partridge and Marcantonio, 2006). Primitive focal adhesions, or
nascent adhesions, are initially formed by the activation of Integrins, which
expose binding sites and recruit adaptor proteins to the intracellular
membrane surface. This action promotes further activation of nearby
Integrins. Eventually, this leads to a cluster of integrin receptors at the site
of cell-ECM contact. The recruitment of Talin in the early stages of

formation stabilises this structure and provides binding sites to facilitate

18



1. General Introduction

the recruitment of additional protein complexes. This action initialises a

link between Integrins and the actin cytoskeleton (Nayal et al., 2004).

Since Integrins do not possess any intrinsic catalytic activity, signal
transduction is mediated by the proteins in complex at focal adhesions.
Focal adhesion kinase (FAK) plays a central role in focal adhesion
dynamics. It is recruited to Integrins and undergoes auto-phosphorylation
at position Y397 (Toutant et al., 2002). This enables the binding of Src
which in turn promotes further FAK phosphorylation and the binding of
additional proteins (Mitra and Schlaepfer, 2006). FAK reinforces focal
adhesion formation by the further recruitment of Talin protein (Lawson et
al., 2012). The recruitment of Paxillin and subsequent recruitment of

Vinculin further stabilises these complexes (Pasapera et al., 2010).

Under conditions of increased traction, the maturation of focal adhesions
may occur. Maturation is initiated by Ras homology family member A
(RhoA) activity and downstream signalling to Rho-associated protein
kinase (ROCK), myosin II regulatory light chain (RLC) and mDia
(Chrzanowska-Wodnicka and Burridge, 1996, Cao et al., 2012). Mature
focal adhesions are associated with the formation of thick actin stress
fibres (Zaidel-Bar et al., 2007). Mature focal adhesions recruit further
proteins including Tensin and Zyxin. Rapid formation and disassembly of
focal adhesions is a feature of actively migrating cells. In some cases,
further maturation to fibrillar adhesions maintains firm cell-ECM
attachment and this stage is generally associated with non-motile cells

(Clark et al., 2010, Yoshigi et al., 2005).
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Dissolution of focal adhesions usually occurs following retraction at the cell
rear and is associated with further signal transduction events. In addition
to focal adhesion formation, FAK has been shown to play a central role in
disassembly. FAK recruits Dynamin which promotes focal adhesion
turnover through microtubule mediated integrin internalisation by
endocytosis (Ezratty et al., 2009, Ezratty et al., 2005). The cysteine
protease Calpain is recruited to focal adhesions and mediates the cleavage
of multiple focal adhesion substrates including FAK, Paxillin Tensin and
Talin (Chan et al., 2010, Chen et al., 2000). This cycling of focal adhesions
and associated formation and detachment of actin stress fibres drives cell

migration.

As focal adhesion signalling is central to cell migration, dysregulation of
such events is commonly associated with increased cell motility and
consequently cancer metastasis (Lark et al., 2003). The altered expression
of a number of focal adhesion localised proteins have been identified to
contribute towards cancer progression (Lark et al., 2003, Cao et al., 2012).

Amongst these is the Tensin family of proteins.

1.4 The Tensin Gene Family

1.4.1 Tensin Structure

Tensins are among the proteins clustered on the cytoplasmic side of focal
adhesions and comprise Tensin 1, Tensin 2, Tensin 3 and Tensin 4 (also
known as Cten). The Tensin family of proteins, with the exception of Cten,
have extensive sequence and structural homology sharing common actin
binding, Src homology 2 (SH2) and PTB domains yet with divergent central

regions (figure 1-5) (Lo and Lo, 2002).
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The first in the family to be identified was Tensin 1, which maps to
chromosome 2q35-36 and translates into a 1735 amino acid protein with a
molecular mass of 185 kDa. There are an additional 13 Tensin 1 protein
coding splice variants. Tensin 1 was found to be present in most tissues
investigated with elevated levels found in the heart, skeletal muscle,
kidney and lung (Chen et al., 2000). Tensin 1 comprises of 2 actin binding
domains located at the N terminus and also an additional actin binding
domain in the central region of the protein. The central actin binding region
has high sequence homology to Insertin, an actin capping protein which
retards actin polymerisation (Lo et al., 1994, Chuang et al., 1995). Tensin
1 also links to the cell exterior through Integrin binding via its PTB domain
located at the C terminal end of the protein. Although PTB domains are
known for binding phosphorylated tyrosines, binding to integrins has been
shown to be independent of phosphorylation (McLeverty et al. 2007).
Further to Tensin 1’s actin and Integrin binding capabilities, the cloned
fragment of Tensin cDNA revealed an SH2 domain also located at the C-
terminus, capable of binding phosphotyrosine proteins. Furthermore, the
protein was shown itself to contain phosphorylated tyrosine residues (Davis
et al. 1991). This finding was of marked significance as it made Tensin the
first cytoskeletal protein to be identified with a SH2 domain thus, linking
signal transduction to the actin cytoskeleton. Tensin 1 also shares
homology to other protein domains including those of Auxillin, Cyclin G
associated kinase (GAK) and Phosphatase and tensin homolog (PTEN).
Knockout mice revealed that Tensin 1 was not essential for embryonic
development however, focal adhesion biology and many of the proteins
that interact with Tensin 1 are essential for embryonic development.

Therefore, it was suggested that another related protein may be able to
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compensate in the absence of Tensin 1 expression, which led to the
identification of additional Tensin family members (Lo et al., 1997, Chen et

al., 2002).

Tensin 2, located on chromosome 12 was identified as a protein related to
Tensin 1 through homologous N and C terminal regions sharing 60% and
67% sequence similarity respectively. It maps to chromosome 12q13 and
encodes a protein comprising 1410 amino acids with a molecular mass of
170 kDa. In total, there are 7 protein coding splice variants. Tensin 2
lacked the Insertin-like region in its centre and therefore may not serve
the same actin remodelling role as Tensin 1 (Chen et al., 2002). Although
it has similar actin binding, SH2 and PTB domains, Tensin 2 is the only
member of Tensin family that has a Protein kinase C conserved region 1
(C1) at the N terminus. The C1 domain of Protein kinase C is known to
bind to phospholipids (Johnson et al., 2000) (Hafizi et al., 2002). Tensin 2
was found to be present in most tissues investigated but particularly
abundant in the heart, skeletal muscle, liver and kidney, similar to Tensin
1 further supporting the suggestion of a similar function (Chen et al.,

2002).

Subsequent to this, Tensin 3 was identified as a 1445 amino acid protein
with a molecular mass of 155 kDa (Cui et al., 2004). Tensin 3 has a further
8 protein coding splice variants. The gene maps to chromosome 7p12 and
has similar domain structure to Tensin 1 and Tensin 2. Tensin 3 was found
to contain 32 tyrosine residues, 13 of which are predicted to be potential
sites of phosphorylation and possible candidates for signal transduction.
Localisation was again revealed to be at focal adhesions and it was

expressed in most tissues studied. Tensin3 was particularly prevalent in
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the placenta and kidney with the spleen, lung, skeletal muscle and heart

showing lower expression (Cui et al., 2004).

Unlike the previously identified Tensin family members, Cten, the most
recently identified Tensin, is a more distant relative bearing homology to
Tensins 1-3 but lacking the actin binding domain (Chen et al., 2013). The
CTEN gene maps to chromosome 17921 and encodes a 715 amino acid
protein with a molecular mass of 77 kDa. Cten only has 1 additional splice
variant consisting of only 33 amino acids. CTEN comprises 12 exons
although only exons 4-11 share high sequence homology to the c-terminus
of the other Tensins (Lo and Lo, 2002). In addition to localisation at focal
adhesions, Cten also localises to the nucleus but the relevance of Cten in
this localisation is unknown (Liao et al., 2009). Moreover, in contrast to the
other Tensins, the expression of Cten was restricted to the placenta and
prostate however expression has since been noted in other tissues (Lo and
Lo, 2002, Martuszewska et al., 2009). The CTEN gene is restricted to
mammals consistent with its expression mainly in the prostate and
placenta. A total of 22 different mammalian species were found to have
protein sequence similar to human Cten. The other Tensins however, are
found in a greater diversity of species for example, Tensin 1 is present in
the nematode, zebrafish and hydrozoan (Chen et al., 2013). Interestingly,
Cten still contains the SH2 and PTB signalling component of the other
Tensins but lacks the actin binding capability and thus may play a novel

role in cellular processes.
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Figure 1-5: Tensin domain structure. Tensins 1-3 comprise

Tensin 1

Tensin 2

Tensin 3

Cten
(Tensin 4)

an actin

binding domain (ABD) in addition to the SH2 and PTB domains present in

Cten allowing a connection from the ECM to the actin cytoskeleton.
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1.4.2 The Role of the Tensin Proteins

Members of the Tensin family play pivotal roles in key cellular processes
including proliferation, adhesion, migration, and apoptosis (Lo and Lo,
2002). The Tensins have each been linked to upstream and downstream
signalling pathways, and have been shown to differentially interact with
components to aid in mediating their responses (Cao et al., 2012, Clark et
al., 2010). However, knowledge of Tensin signalling remains sparse. They
share extensive sequence homology and the lack of embryonic lethality in
mice suggests functional redundancy of the Tensins but divergent regions
also suggests that they may, to some extent, have distinct roles (Chiang et

al. 2004).

Tensins, not surprisingly due to their localisation at focal adhesions,
interact with a number of other focal adhesion localised proteins including
pl130cas, FAK, ILK, DLC1, Src and Calpain (Thorpe et al., 2015, Albasri et
al., 2011a, Al-Ghamdi et al., 2013, Cao et al., 2012, Zhao et al., 2016). It
is likely that the Tensins coordinate cell function through the regulation of
focal adhesion dynamics and actin remodelling. There are contradictory
reports, however, on how Tensin 1 achieves this, with some suggesting an
actin capping role whereas others suggest actin monomer insertion (Lo et
al., 1994, Chuang et al., 1995). Investigations into the other Tensin family
members has found that they promote actin structural rearrangements,
but how this is regulated and contributes to focal adhesion turnover has
not been intensively studied (Cao et al., 2012). Tensins 1-3 are generally
associated with the later stages of focal adhesion maturation. Tensin 1 is
absent from nascent adhesions but is recruited to mature focal adhesions
and may play a role in the maturation to fibrillar adhesions (Zaidel-Bar et

al., 2007, McCleverty et al., 2007). Tensin 3 is also associated with fibrillar
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adhesions. The Tensins may localise to different areas of the migrating cell,
Tensin 2, for example, was found to be located predominantly at the
leading edge of the cell whilst, in contrast, Tensin 3 was found to be
located towards the cell rear (Chen et al., 2002, Clark et al., 2010).
Additionally, Tensins are cleaved by Caspase 3 and therefore possibly

involved in the loss of cell attachment during apoptosis (Lo et al., 2005).

The dysregulation of Tensin signalling has been implicated in
carcinogenesis, but how the Tensins contribute to disease progression
remains a topic of debate. Whether the Tensins have oncogenic or tumour
suppressive activity may be dependent on the Tensin member and may
also be tissue or context dependant (Martuszewska et al., 2009, Qian et

al., 2009, Albasri et al., 2011a).

1.5 Cten

1.5.1 The Expression of Cten in Cancer

Despite being one of the most recently identified members of the Tensin
family, the role of Cten in cancer has been more extensively investigated.
Cten was originally identified as a tumour suppressor in prostate cancer
and is also down regulated in kidney tumours. However, its role as an
oncogene in other tissues is now becoming increasingly apparent (Lo and
Lo, 2002, Martuszewska et al., 2009). Cten expression was shown to be
increased at both the mRNA and protein level in cancer cell lines in
comparison to normal cells (Liao et al., 2009). Although not normally
present in most tissues, elevated levels have been discovered in tumours
of the lung, thymoma, colon, breast and pancreas and in most tissues

investigated, Cten appears to be associated with late stage disease (Sasaki
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et al., 2003a, Sasaki et al., 2003b, Albasri et al., 2009, Albasri et al.,

2011b, Al-Ghamdi et al., 2013).

In melanoma tissues, Cten expression increased with tumour progression
with 7%, 24%, 41% and 46% positivity in normal, dysplastic, primary
melanoma and metastatic melanoma tissue respectively. Additionally, Cten
expression was associated with advanced stage, tumour thickness and
poor patient prognosis (Sjoestroem et al., 2013). In lung cancer, a lack of
significant difference in Cten expression between tumour and normal lung
tissue was found, however, the ratio of Cten in tumour to normal tissue
was significantly higher for stage II-IV than stage I, suggesting that Cten
expression is upregulated during the progression of established lung cancer
(Sasaki et al., 2003a). Similarly, in thymomas, CTEN mRNA expression
was significantly greater in tumour stage IV than stage I (Sasaki et al.,

2003b).

In breast and CRC, Cten expression is generally associated with metastatic
disease. Immunohistochemical analysis of breast carcinomas for Cten
revealed no association between its expression and tumour size, however,
there was for high EGFR and Human epidermal growth factor receptor
(HER2) expression, low oestrogen receptor expression, lymph node
metastasis and tumour grade (Katz et al., 2007). A larger scale study
investigated Cten expression using immunohistochemistry in 1,409
invasive breast tumours. Cten staining was found in 90% of tumours and
shown to be associated with tumour size, grade, nodal involvement and
poor Nottingham prognostic index. Tumours with high Cten expression had
a poorer prognosis in comparison to those expressing low levels and also

had increased likelihood of developing metastasis (Albasri et al., 2011b).
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Taken together, these studies suggest that Cten is involved in breast

cancer metastasis.

Cten expression has been extensively investigated in colorectal tumours
and overall suggests a role for Cten in metastasis. Investigation of mRNA
expression in tumours and normal mucosal cells demonstrated that the
majority of tumours experience upregulation, with 5 cell lines showing
greater than a 35 fold increase in CTEN (Albasri et al., 2009).
Interestingly, these cell lines were derived from metastatic deposits,
highlighting further association of Cten with metastasis. Expression has
been found by some to be upregulated in all stages of disease implicating a
role for Cten in tumour formation and progression (Liao et al., 2009).
Conversely, others have shown its involvement with metastasis consistent
with other tumour types suggesting that Cten is concerned with late stage
disease. Again, Cten expression was investigated on a much larger scale
involving 462 clinical samples. Here, Cten expression was shown to
correlate with advanced Duke’s stage, poor prognosis and distant
metastasis in CRC (Albasri et al., 2011a). The latter study utilised a larger
sized cohort and therefore may be considered more representative than
the former study. Further to this, analysis of the expression of Cten in
paired cases of matched primary colorectal tumours and liver metastasis
revealed that Cten nuclear expression was more prevalent in metastatic
deposits (Albasri et al., 2011a). This implies that Cten in the nucleus is

possibly involved in metastatic disease.

Serial analysis of gene expression (SAGE) data accessed through Unigene
(NCBI) corroborates some of these findings. The expressed sequence tag

(EST) profile for the Cten transcript (NM_032865.5) quantifies expression
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in @ number of normal and tumour tissues (Table 1-1 and 1-2). Cten
expression is downregulated in tumours of the prostate and kidney, whilst
upregulation of Cten expression is seen in colorectal, pancreatic, breast
and lung tumours. Cten SAGE profiles were comparable to the expression
of the other Tensins in the colon (Tensin 1 normal 146, tumour 186, Tensin
2 normal 51, tumour 26 and Tensin 3 normal 107, tumour 151 transcripts
per million (TPM)) but to a lesser extent than B-catenin, known to be
highly expressed in colorectal tumours (normal 241, tumour 355 TPM). In
comparison, Cten appears to be considerably upregulated and moderately
expressed in CRC (normal 68, tumour 106 TPM) however in other tissues
such as the breast, the expression is much lower and the change in
expression appears to be negligible (normal 19, tumour 21 TPM). Although
in comparison, the expression of Cten in normal prostate is relatively low

(31 TPM), the expression is completely lost in prostate tumours (0 TPM).

The role of Cten in carcinogenesis is, at present, not well defined and in
part controversial, although evidence clearly implicates a role in advanced
disease and in most tissues studied, expression is associated with
metastasis. Since Cten is associated with aggressive disease, there is an
imperative need to determine the underlying signal transduction

mechanisms governing this process.
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Tissue

Transcript/

Spot intensity

Gene EST/Total

million (TPM) based on TPM EST in the pool
Adipose tissue 0/12866
Adrenal gland 0/32940
Ascites 50 L 2/39834
Bladder 133 - 4/29860
Blood 0 0/122252
Bone 0 0/71618
Bone marrow 0 0/48737
Brain 7 8/1092688
Cervix 0 0/48486
Connective 0 0/149072
tissue
Ear 0/16100
Embryonic 0/212896
tissue
Eye 23 - 5/208840
Heart 0 0/89524
Intestine 68 - 16/231981
Kidney 14 3/210778
Larynx 42 ® 1/23466
Liver 0 0/205291
Lung 41 ® 14/334815
Lymph 0/44302
Lymph node 0/89748
Mammary gland 19 3/151230
Mouth 105 - 7/66150
Muscle 9 1/106371
Nerve 0 0/15535
Oesophagus 49 ® 1/20154
Ovary 0 0/101488
Pancreas 37 L 8/213440
Parathyroid 0/20594
Pharynx 0/40725
Pituitary gland 0/16526
Placenta 84 - 24/283019

30



1. General Introduction

Prostate
Salivary gland
Skin

Spleen
Stomach
Testis
Thymus
Thyroid

Tonsil
Trachea
Umbilical cord

Uterus

31

56

41

85
0
19
0
51

6/189536
0/20265
12/210759
0/53397
4/95679
0/435204
0/79697
4/46583
0/17021
1/51780
0/13764
12/232093

Table 1-1: The expression of Cten by EST in normal body tissues

(UniGene).
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Tumour

Transcript/
million (TPM)

Spot intensity
based on TPM

Gene EST/Total
EST in the pool

Adrenal tumour
Bladder carcinoma
Breast tumour
Cervical tumour
Chondrosarcoma
Colorectal tumour

Gastrointestinal
tumour

Germ cell tumour
Glioma

Head and neck
tumour

Kidney tumour
Leukaemia
Liver tumour
Lung tumour
Lymphoma
Non-neoplasia
Normal

Oesophageal
tumour

Ovarian tumour
Pancreatic tumour
Primitive
neuroectodermal
tumour

Prostate cancer
Retinoblastoma
Skin tumour

Soft tissue/muscle
tissue tumour

Uterine tumour

170
21

106
42

65
82

58

31

15
57

76

O N O o

122

0/12655
3/17584
2/93090
0/34484
0/82838
12/112517
5/118498

1/263230
7/107194
11/133826

0/68872
0/94479
0/96023
6/102765
0/72196
3/96623
52/3328811
1/17245

0/76185
8/105004
0/127001

0/103844
0/46439

1/125373
0/125265

11/90107

Table 1-2: Gene expression of Cten by EST in tumours (UniGene).
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1.5.2 Cten Signalling and Function

Consistent with its focal adhesion localisation, Cten has been shown to
regulate cell migration and invasion. Using in vitro models, Cten was
shown to give increased cell migration and invasion through basement
membrane extract following gene expression manipulation. This functional
effect has been repeatedly observed (Liao et al., 2009, Albasri et al.,
2011a, Albasri et al., 2009). In an investigation of Cten’s role in
metastasis, intrasplenic injection of CRC cells stably transfected with Cten
into nude mice revealed that a similar number of tumours were formed in
the liver and spleen however, these tumours were larger than the tumours
formed in the control mice. The mice that stably expressed Cten also had a

shorter overall survival (Albasri et al., 2011a).

Mechanisms underlying Cten’s role in migration and invasion have, to an
extent, been described but the full elucidation of pathways and additional

layers of complexity remain to be resolved.

1.5.2.1 Cten and Focal Adhesion Signalling

Consistent with the other Tensins, Cten signals to other focal adhesion
localised proteins. FAK is a tyrosine kinase that plays a critical role in the
regulation of focal adhesion dynamics. FAK is recruited to focal adhesions
where it is phosphorylated and induces cell migration in complex with Src
(Mitra and Schlaepfer, 2006). FAK expression is upregulated in a number
of cancers including CRC (Lark et al., 2003). The forced expression and
knockdown of Cten in pancreatic cancer cell lines resulted in the
upregulation and downregulation of FAK protein respectively (Al-Ghamdi et
al., 2013). FAK is able to bind SH2 domain containing proteins and it has

previously been found to co-immunoprecipitate with Tensin 1 and it could
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therefore also be possible that this molecule directly binds Cten (Yamashita
et al., 2004, McLean et al., 2000). Cten expression was associated with the
expression of p-FAK suggesting that it may be possible that Cten promotes

FAK activation in addition to expression levels (Albasri et al., 2014).

Integrin-linked kinase (ILK) is another non-receptor protein kinase found in
complex with Integrins at focal adhesions and serves both scaffold and
signal transduction functions. ILK is involved in the regulation of a number
of cell processes including cell migration and invasion and is often
upregulated in cancers including CRC (Yan et al., 2014, Bravou et al.,
2003). Manipulation of Cten expression identified ILK as a downstream
signalling target. Furthermore, this interaction was found to promote cell
motility as assessed by in vitro migration and invasion assays. Whether

Cten forms a complex with ILK was not investigated (Albasri et al., 2011a).

All the Tensins, including Cten, have been shown to directly interact with
DLC1, a known tumour suppressor that regulates cell adhesion and actin
stress fibre assembly through downstream inactivation of RhoA and ROCK
(Cao et al., 2012). The binding to DLC1 has been mapped to the PTB, SH2
and actin binding domains of the Tensin proteins (Qian et al., 2007, Cao et
al., 2012). The interaction between DLC1 and Cten occurs via an
S/TIYXXI/V motif in the SH2 domain of Cten. The mechanism of interaction
between DLC1 and Tensin family members is well understood and is
required for DLC1l’s focal adhesion localisation and tumour suppressive

activity (Liao et al., 2007).

DLC1 comprises a sterile alpha motif (SAM), steroidogenic acute regulatory

protein-related lipid transfer (START) and a catalytic Ras homology-
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GTPase-activating (RhoGAP) domain. DLC1 when active, hydrolyses RhoA-
GTP to RhoA-GDP thus preventing RhoA downstream signalling. DLC-1
contains an autoinhibitory mechanism in which the SAM domain binds to
the RhoGAP domain preventing its suppression of RhoA. It is proposed that
in resting, non-migrating cells, Tensin 3 is highly expressed and binds to
DLC1 via both its SAM domain and central region via Tensin 3 actin binding
domain (figure 1-6). Binding of the Tensin 3 actin binding domain to the
SAM domain prevents DLC1l’s autoinhibitory mechanism thus, DLC1 is
active and hence RhoA signalling is inhibited. However, in migrating cells,
Cten expression is high and Tensin 3 expression is suggested to be low
enabling Cten to displace Tensin 3 from DLC1 binding. As Cten lacks an
actin binding domain, the SAM domain of DLC1 is able to bind and inhibit
the Rho-GAP domain and inactivates DLC1. In its inactive state, DLC1 can
no longer interact with downstream substrates exerting its tumour
suppressive activity. RhoA in its active GTP bound form is able to transduce
signals to downstream ROCK, thus, focal adhesion turnover and actin
stress fibre remodelling is induced, promoting cell motility (Cao et al.,
2012). These investigations were performed in untransformed breast cell
lines however, DLC1 is often deleted in cancer and it remains to be
investigated whether this mechanism also occurs in cancer (Seng et al.,

2007, Ng et al., 2000).
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Focal adhesion and
stress fibre assembly

Figure 1-6: The antagonistic regulation of cell migration by Cten and Tensin 3. A) In absence of EGFR stimulation, the ABD of Tensin 3
binds the SAM domain of DLC1 thus preventing its association and inhibition of the Rho-GAP domain. The Rho-GAP domain in its active
state hydrolyses RhoA-GTP to its inactive GDP bound form, inhibiting migratory processes. B) Following EGF stimulation, Cten displaces
Tensin 3 from focal adhesion sites and binds DLC1. As Cten lacks an ABD, the SAM domain of DLC1 is able to bind and inhibit the Rho-
GAP domain. Since DLC1 is not active, this prevents the inactivation of RhoA thereby promoting actin remodelling through downstream

ROCK (Cao et al., 2012).
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1.5.2.2 Focal Adhesion and Adherens Junction Crosstalk

In addition to the regulation of focal adhesion turnover, Cten has been
linked to the regulation of components of adherens junctions. Manipulation
of Cten expression revealed negative regulation of E-cadherin protein
(Albasri et al., 2009). E-cadherin is a membrane receptor that links to
cadherin molecules on adjacent cells to form strong cell-cell attachments.
Internally, E-cadherin links to the actin cytoskeleton via p120-catenin, a-
catenin and B-catenin. It is possible that Cten mediated loss of E-cadherin
leads to the disruption of adherens junctions causing loss of cell
attachment to surrounding cells, in addition to the loss of cell-ECM
adhesion at focal adhesions. This suggests crosstalk of focal adhesions and
adherens junction signalling pathways. Integrin signalling via FAK has been
linked to a reduction in E-cadherin (Avizienyte et al., 2002). Additionally,
ILK signalling is known to repress E-cadherin through the induction of the
transcription factor Snail (Tan et al., 2001). However, Snail regulates E-
cadherin at the mRNA level whereas Cten represses E cadherin at the
protein level only (Albasri et al., 2009, McPhee et al., 2008). It is therefore
more likely that Cten regulates the protein synthesis or degradation of E-
cadherin. Cten may signal through other focal adhesion localised proteins
to carry out this action including Calpain, a protease concerned with
regulating motility, and shown to cleave E-cadherin (Ye et al., 2013).
Alternatively, it is proposed that E-cadherin downregulation may occur
through encapsulation in endocytic vesicles transporting the adhesion
molecule away from the cell surface with subsequent degradation via the
lysosomal pathway, a process induced upon Src expression (Palacios et al.,
2005). How Cten downregulates E-cadherin remains to be investigated.

Considering that the downregulation of E-cadherin is also a molecular
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event associated with EMT, it is possible that Cten could regulate these

pathways to promote cell migration and invasion.

E-cadherin sequesters p-catenin at adherens junctions. Following E-
cadherin downregulation, release of B-catenin generates free cytoplasmic
pools to cooperate in additional molecular pathways (Howard et al., 2011).
B-catenin is a main component of the Wnt signalling pathway. Following
activation of Wnt signalling, B-catenin translocates to the nucleus where it
binds T-cell factor/Lymphoid enhancer factor (TCF/LEF) promoting
transcription of target genes, which in the gastrointestinal epithelium are
involved with stem cell maintenance and crypt homeostasis. Wnt signalling
is frequently aberrant in CRC (Palacios et al., 2005). B-catenin had
previously been found to undergo cellular redistribution on knockdown of
Cten and furthermore, these two proteins were found to co-
immunoprecipitate. Binding of B-catenin to Cten only occurred in the
nucleus and not the cytoplasm (Barbieri et al., 2010, Liao et al., 2009).
Cten and B-catenin confer increased colony formation and anchorage
independent cell growth suggesting these proteins may act together to
increase tumourigenicity, however, whether nuclear Ilocalised Cten

promotes Wnt signalling remains to be investigated (Liao et al., 2009).

Many other focal adhesion proteins translocate to the nucleus and some
are known to act as co-regulators of transcription. It is possible Cten may
have a similar role regulating B-catenin/TCF/LEF activity (Dong et al.,
2009, Sen et al., 2012, Liao et al., 2009). Since B-catenin is concerned
with the maintenance of the normal intestinal stem cell epithelium, it is
possible that Cten-B-catenin signalling could be involved in the regulation

of CSC networks. CSCs are suggested to be responsible for metastatic
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spread and, in addition, are associated with patient relapse and cancer
recurrence following therapy (Hermann et al., 2007, Li et al., 2015). It is
therefore, of upmost importance that the mechanisms regulating this cell

phenotype are understood.

1.5.2.3 The Regulation of Cten

It is probable that Cten is under the regulation of a number of different cell
signalling pathways. The regulation of Cten, shown in part through several
different studies, appears to be under the control of the canonical EGFR-
Kras-mitogen activated protein kinase (MAPK) signalling pathway.
Activation of EGFR by its cognate ligand can lead to the activation of a
variety of cellular processes including cell migration and this may indeed
be mediated downstream by Cten and other members of the Tensin protein
family. It was noted in breast cell lines that stimulation with EGF led to an
increase in Cten levels and this effect was abolished by inhibition of MAPK
signalling. EGF stimulation induced actin stress fibre reorganisation
however, depletion of Cten disrupted actin fibre networks despite the
presence of EGF suggesting that Cten acts downstream of EGF to regulate
actin dynamics. EGF-Cten signalling was also associated with cell
scattering. (Katz et al., 2007). The regulation of Cten by EGF and MAPK
signalling was confirmed by others in hepatocellular carcinoma. Stimulation
with EGF induced Cten expression which was subsequently abolished

following the inhibition of MAPK signalling (Chan et al., 2015).

Kras, which is often located downstream of the EGFR, was also shown to
be a regulator of Cten in colorectal cell lines. Downregulation of Cten was
shown after Kras knockdown. Cten levels were not affected by Kras

knockdown in cells containing mutant BRAF but Braf knockdown gave a

39



1. General Introduction

reduction in Cten expression suggesting that a Kras-Braf-Cten pathway
exists (Al-Ghamdi et al., 2011). EGFR mutations are not common in CRC
but KRAS and BRAF mutations occur in approximately 50% of tumours
(Vaughn et al., 2011). A direct functional relevance between Kras and Cten
was also demonstrated as ectopic expression of Cten following Kras
knockdown was able to restore any loss in cell motility. Similar effects
were also observed upon repetition of these experiments in pancreatic
cancer cell lines, selected on the basis of high KRAS mutation. Other
mechanisms of regulating Cten must exist as some KRAS/BRAF wild type

cell lines also show high levels of Cten expression (Al-Ghamdi et al., 2011).

Phosphatidylinositol 3-Kinase (PI3K) signalling is activated by receptor
tyrosine kinases and can be mediated dependently or independently of
Kras signalling. Signalling downstream to Akt can regulate a number of
cellular pathways. PI3K signalling was shown to be another main signalling
pathway inducing Cten expression. The stimulation of cells with a number
of growth factors and cytokines including EGF, Fibroblast growth factor 2
(FGF2), Insulin-like growth factor 1 (IGF-1), Transforming growth factor
beta (TGF-B), Nerve growth factor (NGF), Platelet-derived growth factor
(PDGF), Interleukin 13 (IL-13) and Interleukin 6 (IL-6) induced Cten
expression in a CRC and an untransformed prostate cell line. Stimulation
together with inhibition of PI3K inhibition prevented the upregulation of
Cten through all of these pathways except through IGF-1 which may signal
independently of the PI3K pathway (Hung et al., 2013). How PI3K

signalling influences Cten function remains to be studied.

Signalling through the Signal transducer and activator of transcription

factor 3 (Stat3) is reported to be involved in inducing Cten expression.
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Stat3 was first shown to upregulate Cten expression levels in mouse breast
models. This led to an earlier onset and more invasive tumours in knock in
mice displaying constitutively active Stat3. Induction of Cten expression
could be stimulated by EGFR activation or by the cytokine IL-6 via Stat3
(Barbieri et al., 2010). Stat3 also acts downstream of Src and although at
present Src has not been linked to Cten, it is implicated in the regulation of
the other Tensin proteins (Davis et al., 1991). This has also been
confirmed in lung cancer cell lines whereby inhibition of Stat3 signalling
abrogated EGFR induced Cten expression (Bennett et al., 2015).
Furthermore, inhibition of Janus kinase (JAK) signalling was shown to
downregulate Cten expression. JAK signalling through to Stat3 may also

regulate Cten expression (Hung et al., 2013).

A number of Cten regulatory factors have been described. Those pathways
identified are commonly overexpressed or mutated to a constitutively
active form in many tumour types. In particular, KRAS/BRAF mutations are
prevalent in colorectal tumours as is PI3K pathway signalling and, thus, in
turn may be responsible for elevated levels of Cten since no mutations in
the CTEN gene or epigenetic mechanisms of upregulation have been

described (Davies et al., 2002, Salhab et al., 1989).

1.6 Aims and Hypothesis

It is evident that Cten plays a role in CRC progression, possibly through
the promotion of metastasis, however, the underlying signalling
mechanisms are largely unknown. The aims of this present study were to
investigate the mechanisms of Cten signalling and how this contributes to

CRC progression.

41



1. General Introduction

1. Ascertain the significance of nuclear localised Cten.

Cten localises to the nucleus and this localisation was more prevalent in
liver metastases. It was therefore hypothesised that Cten in the nucleus
may enhance the oncogenic activity of Cten. Cten binds to B-catenin in the
nucleus, and aberrant B-catenin signalling is common in CRC, thus, it was
further hypothesised that Cten could act as a B-catenin transcriptional co-
factor to mediate this effect. Since B-catenin regulates the stem cell
compartment in the intestinal epithelium, the ability of Cten to interact
with B-catenin to induce the transcription of stem cell related genes was

investigated.

2. Determine whether Cten is a target of EGFR signalling and promotes cell

motility through a Tensin switch mechanism in CRC.

CRCs display high levels of KRAS mutations, rendering EGFR targeted
therapies ineffective. Cten is a target of Kras signalling in CRC and since
Cten is regulated by EGFR signalling in other tumour types, it was
hypothesised that Cten could be regulated by EGFR-Kras signalling in CRC.
Cten lies downstream of Kras signalling and therefore could be a putative

therapeutic target against CRC.

3. Decipher Cten’s role in EMT signalling.

Due to Cten’s localisation at focal adhesions and interaction with other
focal adhesion localised proteins, it is likely that Cten regulates focal
adhesion dynamics to induce cell motility. In addition, Cten regulates E-
cadherin. It was hypothesised that Cten could induce cell migration

through EMT pathways and that this could promote metastasis in CRC.
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2. Materials and Methods

2.1 Cell Culture

All work was undertaken in CRC cell lines RKO, HCT116, SW480, SW620,
Caco-2, DLD1 and C32, which were a kind gift from Prof Ian Tomlinson
(table 2-1). The identity of these cell lines was validated by high resolution
melting (HRM) analysis of mutation profiles (table 9-1 and figures 9-1 - 9-

7).

2.1.1 Cell Maintenance

Cells were maintained at 37°C in a 5% CO, environment and cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific)
supplemented with 10% foetal bovine serum (FBS) (Sigma) and penicillin
(0.1 mg/ml) and streptomycin (100 units/ml) (Sigma) under sterile
conditions. Microscopic examination of the cells was used to assess cell
viability and ensure cultures remained free of bacterial and fungal
infections. Cells were fed twice weekly by discarding the media and

replacing with fresh DMEM (containing FBS and penicillin/streptomycin).

2.1.2 Passaging Cells

Cells were passaged when 70-80% confluency was reached. Media was
removed and cells washed twice with phosphate buffered saline (PBS).
Cells were incubated for up to 5 minutes with 1 ml of trypsin EDTA (Sigma)
until they were completely detached from the flask surface. The trypsin
was neutralised by the addition of 9 ml of DMEM (containing FBS and
penicillin/streptomycin). Cells in suspension were pelleted by centrifugation
at 1,500 rpm for 5 minutes, the media discarded and the cells resuspended

in a volume of media dependent upon the split ratio (i.e. 10 ml for a 1:10

44



2. Materials and Methods

split ratio). One ml cell suspension was transferred to a new flask

containing 12 ml of DMEM (containing FBS and penicillin/streptomycin).
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Cell Dukes’ Differentiation Origin MSI CIN KRAS BRAF PIK3CA PTEN TP53

Line Stage Status

HCT116 D Well Colon MSI No G13D wt. H1047R wt. wt.

RKO C Poor Colon MSI No wt. V600E H1047R wt. wt.

Caco-2 B Well Colon MSS Yes  wt. wt. wt. wt. E204X
SW620 C Moderate Lymph node MSS Yes G122V  wt. wt. wt. R273H;P309S
DLD1 C Moderate Colon MSI No G13D wt. E545K;R233X  wt. S241F
SW480 B Moderate Colon MSS Yes G12vV  wt. wt. wt. R273H;P309S
C32 C Well Colon MSS Yes  wt. wt. wt. wt. wt.

Table 2-1: CRC cell line characteristics.
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2.2 Plasmid Preparation

2.2.1 Plasmid Transformation

Plasmid expression vectors were used to forcibly express the required
protein. The pEGFP-C1 plasmid (CLONETECH Ilaboratories Inc.) inserted
with Cten was kindly donated by Prof Su Hao Lo and the pEGFP-N1 plasmid
containing NLS-Cten was kindly provided by Dr Maham Akhlag. The TOP-
flash, FOP-flash and Renilla expression constructs were kindly donated by
Dr Abdolrahman Shams Nateri. The Cten targeting CRISPR construct was

purchased from Sigma.

Plasmids were transfected into NEB 5-alpha Competent E. coli cells (New
England Biolabs) using the heat shock method. Five pl of plasmid was
incubated with 50 pl of competent cells and placed on ice for 30 minutes.
Following this, the cell/plasmid mix was placed in the water bath for 45
seconds at 42°C before being placed back on ice for 2 minutes. One ml of
SOC Outgrowth Medium was added and the cells incubated on a shaker
(200 rpm) for 1 hour at 37C°. The cells were then centrifuged at 13,000
rpm for 2 minutes, 700 ul of the supernatant removed and the cells
resuspended in the remaining 300 ul. The cells were transferred to agar
plates (20 ml of LB agar containing 50 pg/ml kanamycin or ampicillin)

using aseptic technique and colonies allowed to grow overnight at 37°C.

Following incubation, 1 colony was picked by dipping a 10 pl pipette tip
into the colony and the bacteria seeded into 5 ml of LB broth
supplemented with 50 pg/ml kanamycin (called minipreps). This was
incubated overnight at 37°C on a shaker (200 rpm) to allow the bacterial
colony to expand. The miniprep was transferred into a midiprep mix of 100

ml LB broth (containing kanamycin or ampicillin, 50 ug/ml) and incubated
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overnight at 37°C on a shaker (200 rpm). The following morning, the

bacterial cells were pelleted by centrifugation at 5,000 x g for 15 minutes.

2.2.2 Plasmid Purification

Midiprep plasmid purification was performed using the Genelute Plasmid
Midiprep kit (Sigma) in accordance with the manufacturer’s instructions.
The bacterial cell pellet was resuspended in 4 ml of chilled
Resuspension/RNase A Solution followed by alkaline lysis by the addition of
4 ml of Lysis Solution. The contents were inverted 6 times and incubated
for 4 minutes. Four ml of chilled Neutralisation Solution was added,
inverted 6 times and subsequent to this 3 ml of binding solution was added
and inverted twice. The lysate was transferred to the barrel of the filter
syringe and left to sit for 5 minutes at room temperature. To prepare the
Midi-Prep column, 4 ml of Column Preparation Solution was added,
centrifuged at 3,000 xg for 2 minutes and the eluate discarded. Following
this, half of the cell lysate was expelled into the Midi-Prep column,
centrifuged at 3,000 xg for 2 minutes and the eluate discarded. This
process was repeated with the remainder of the cell lysate. Columns were
then washed by the addition of 4 ml of Wash Solution 1 to the column
followed by centrifugation at 3,000 xg for 2 minutes and the eluate
discarded. This process was then repeated with Wash Solution 2. To elute
the plasmid, the binding column was transferred to a new collection tube,
1 ml of Elution Solution added followed by centrifugation at 3,000 xg for 5
minutes. The DNA was quantified using the NanoDrop system (Thermo

Fisher Scientific).

Following quantification, 0.5 ug of each DNA sample in a volume of 10 pl

together with DNA loading buffer (Promega) were run alongside 5 pl of 1kb
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DNA ladder (Promega) on a 1% agarose gel containing SYBR Safe at 100 V
for 50 minutes. Products were viewed using a gel documentation viewing

system.

2.3 Mammalian Cell Transfection

2.3.1 Gene Forced Expression

Lipofectamine 2000 (Thermo Fisher Scientific) was used to transfect the
plasmid into the target cell. To optimise the transfection process,
Lipofectamine 2000 volumes of 5-20 pl were incubated together with 2-8
Mg of the expression construct. The transfection efficiency was assessed by
flow cytometry according to Green fluorescent protein (GFP) expression.
The condition that gave the greatest protein expression for plasmid
transfection was considered optimal. For NLS-Cten, Cten and empty vector
constructs, 5 pg of plasmid DNA together with 10 pl Lipofectamine 2000
was considered optimal. For the CRISPR-Cas9 construct, 4 ug of plasmid

was added to cells together with 5 pul of Lipofectamine 2000.

The transfection procedure was performed according to the manufacturer’s
protocol using the optimised conditions determined. Transfection was
usually performed in a 6-well plate in a total volume of 2 ml. For plasmid
forced expression, cells were transfected at 60-70% confluency. Twenty
four hours post seeding in the usual DMEM growth media, the media was
replaced with 1.5 ml of Opti-MEM reduced serum media and cells incubated
at 37°C for 1 hour. For each condition, the optimised volume of
Lipofectamine 2000 was added to 250 pl of Opti-MEM and incubated for 5
minutes. The optimal plasmid concentration was added to 250 pl of Opti-

MEM. Following this, the diluted Lipofectamine 2000 and plasmid mixes
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were combined to give a total volume of 500 ul. These were incubated for
20 minutes at room temperature and following this, added dropwise to the
cells. The cells were incubated with the transfection reagents for 6 hours,
the media replaced and experimentation performed 24 hours post

transfection.

The transfection of TOPflash, FOPflash and Renilla plasmids was performed
in a 24 well plate in a total volume of 500 pl. Twenty four hours post
seeding, DMEM was replaced with 300 pl of Opti-MEM and incubated for 1
hour at 37°C. Following this, 2.5 ul of Lipofectamine 2000 was diluted in
100 pl of Opti-MEM and incubated for 5 minutes. Either 1.25 ug of Cten or
empty vector plasmids together with 0.4 pg of TOPflash or FOPflash
plasmids and 0.05 pg of Renilla plasmid were diluted in 100 ul of Opti-
MEM. Lipofectamine 2000 and plasmid mixes were combined to give a total
volume of 200 pl and incubated for 20 minutes. Following incubation, the
transfection reagents were added dropwise to the cells. Transfection
reagents were replaced with DMEM after 6 hours and experimentation

performed 36 hours post transfection.

2.3.2 Gene Knockdown

siRNA duplexes (Thermo Fisher) were used for gene knockdown and
transfection was performed according to the protocol for plasmid
transfection. To optimise, Lipofectamine 2000 volumes of 5-20 ul were
incubated together with 50-200 nM of siRNA duplexes (table 2-1). The
transfection efficiency was assessed by western blot and the condition that
gave the greatest reduction in protein, whilst using the minimal siRNA

concentration, was considered optimal. For FAK knockdown, 50 nM of
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siRNA was transfected together with 5 ul of Lipofectamine 2000. For the
knockdown of Kras, Cten and Snail 100 nM of siRNA was transfected
together with 5 pl of Lipofectamine 2000. Luciferase targeting siRNA was
used as a control and transfected at the same concentration as the target

SsiRNA.

Transfection was performed in a 6-well plate in a total volume of 2 ml. For
siRNA knockdown, cells were transfected at 40-50% confluency. Twenty
four hours post seeding in DMEM, the cells were incubated with 1.5 ml of
Opti-MEM at 37°C for 1 hour. For each condition, the optimised volume of
Lipofectamine 2000 was added to 250 pl of Opti-MEM and incubated for 5
minutes. The optimised concentration of siRNA was added to 250 pul of
Opti-MEM. Following this, the diluted Lipofectamine 2000 and siRNA mixes
were combined to give a total volume of 500 ul. These were incubated for
20 minutes and following this, added dropwise to the cells. The cells were
incubated with the transfection reagents for 6 hours and experimentation

performed 48 hours post transfection.

siRNA target Sequence

Cten UUCUCAUUGACAUGGUGCUCUGGGC
Snail CCUUCUCUAGGCCCUGGCUGCUACA
FAK GAUGUUGGUUUAAAGCGAU

Kras CAGGGUGUUGAUGAUGCCUUCUAUA
Luciferase CGUACGCGGAAUACUUCGA

Table 2-2: siRNA sequences.
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2.3.3 Co-transfection

For co-transfection, in which both forced expression and knockdown were
required in the same experiment, cells were transfected at 50%
confluency. For each condition, 10 pl of Lipofectamine 2000 was added to
250 pl of Opti-MEM and incubated for 5 minutes. The optimal plasmid and
siRNA concentrations were added together to 250 pl Opti-MEM. Following
this, the diluted Lipofectamine 2000 and plasmid/siRNA mixes were
combined to give a total volume of 500 pl. These were incubated for 20
minutes at room temperature and following this, added dropwise to the
cells. The cells were incubated with the transfection reagents for 6 hours

and experimentation performed 48 hours post transfection.

2.4 Cell Treatments

2.4.1 EGF Stimulation

Cells were treated with EGF to stimulate signalling through the EGFR. Cells
were seeded and allowed to adhere for 3 hours. Following this, the cells
were starved in serum free DMEM (supplemented with
penicillin/streptomycin) for 24 hours prior to stimulation. Cells at 60-70%
confluency were treated with 0-80 ng/ml recombinant EGF (Thermo Fisher
Scientific) under serum free conditions. Cells were harvested after

incubation for 24 hours.

2.4.2 Cycloheximide

Cycloheximide (CHX) is an inhibitor of protein translation. Cells were
treated with CHX to assess changes in protein stabilisation. Twenty four
hours post cell transfection, the media in all wells was replaced with fresh

DMEM (supplemented with FBS and penicillin/streptomycin). Cells were
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incubated with DMEM containing 100 pg/ml CHX for 0-16 hours dependent
upon the half-life of the protein. Cells were harvested at the same time

point following incubation and western blotting performed.

2.5 Western Blotting

2.5.1 Protein Extraction and Quantification

Western blotting was performed to quantify protein expression. To prepare
cell lysates, the media was removed from the cells and following this, the
cells were washed with PBS. Cell lysates were prepared using ice-cold radio
immunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific)
supplemented with phosphatase and protease inhibitor (Thermo Fisher
Scientific), added to the cells and incubated on ice for 15 minutes.
Following this, cell lysates were centrifuged at 13,000 rpm at 4°C for 30

minutes and the supernatant retained.

The bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) was used for
protein quantification and performed according to manufacturer’s protocol.
One hundred pl of BCA reagent was added to 12.5 ul of either the protein
or albumin standard in a 96 well plate and incubated for 30 minutes at
37°C. The absorbance was measured at 550 nm using the Multiskan EX
plate reader (Thermo Fisher Scientific). Protein concentrations were
determined from a standard curve of protein standards of known

concentrations.

2.5.2 SDS-PAGE Gel and Western Blot

NUPAGE LDS Sample Buffer (Thermo Fisher Scientific) containing 5% -

mercaptoethanol was added to 50 pg of protein. The protein samples were
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heated at 90°C for 5 minutes, incubated on ice for 5 minutes and following
this, centrifuged at 13,000 rpm for 2 minutes. Proteins were run on pre-
cast 4-12% NUPAGE Bis-Tris-HCl buffered (pH 6.4) polyacrylamide gel
(Thermo Fisher Scientific) using the NUPAGE gel electrophoresis system
with NUPAGE MOPS SDS Running Buffer (Thermo Fisher Scientific) at 125
V for 90 minutes. PVDF membrane (GE Life Sciences) was activated in
methanol for 10 seconds. Proteins were transferred onto the PVDF
membrane using the NUPAGE Transfer Buffer (Thermo Fisher Scientific)
and the Trans Blot semi-dry transfer system (Biorad) at 20 V for 30

minutes.

Membranes were blocked for 40 minutes with gentle rotation at room
temperature in solutions of 5% milk or 5% bovine serum albumin (BSA) in
0.1% tween PBS (PBS-T) or 0.1% tween TBS (TBS-T) (dependent on the
antibody diluent). Following blocking, the membrane was incubated with
the primary antibody overnight with gentle rotation at 4°C (table 2-2).
Membranes were washed 3 times in PBS-T or TBS-T for 5 minutes at room
temperature and following this, they were incubated with the appropriate
horseradish peroxidase (HRP) labelled anti-rabbit or anti-mouse secondary
antibody (Sigma) for 1 hour at room temperature. Following this, the
membranes were washed twice in PBS-T/TBS-T and once in PBS/TBS each

for 5 minutes at room temperature.

To enable detection of the bound antibody, the membrane was incubated
for 5 minutes with ECL Prime detection solution (GE Life Sciences). The
membrane was exposed to film (GE Life Sciences) for 1 second to 1 minute
depending on the signal strength and passed through the developer

solution (Sigma), fixer (Sigma) and then rinsed in water.
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Antibody Supplier Primary Secondary Diluent
dilution dilution
Actin Sigma 1:50,000 1:30,000 Milk PBS
Cten Sigma 1:20,000 1:10,000 Milk PBS
E-cadherin Cell Signalling 1:1,000 1:10,000 BSA TBS
FAK Cell Signalling 1:5,000 1:10,000 BSA TBS
KLF4 Cell Signalling 1:1,000 1:10,000 BSA TBS
Kras Abcam 1:250 1:10,000 Milk PBS
N-cadherin  Abcam 1:500 1:10,000 BSA TBS
Snail Cell Signalling 1:1,000 1:10,000 Milk TBS
Tensin 3 Sigma 1:1,000 1:10,000 Milk PBS
Vimentin Cell Signalling 1:1,000 1:10,000 BSA TBS
B-catenin Enzo 1:200 1:10,000 Milk PBS

Table 2-3: Optimised antibody conditions for western blotting.

2.6 Co-immunoprecipitation

Binding interactions between proteins were investigated using co-
immunoprecipitation (co-IP). Cell lysates were first subjected to a pre-
clearing stage to reduce non-specific binding. The protein (1 ml) was
incubated with 20 pl of Protein G/A agarose beads (Calbiochem IP05) at
4°C with gentle rotation for 30 minutes. The lysate was centrifuged at 4°C
at 13,000 rpm for 5 minutes to pellet the beads and the supernatant
retained. 1 pg of B-catenin (10 pl), Snail (4 ul) or Cten (2 pl) antibody was
added to 300 ug of the pre-cleared lysate and incubated rotating overnight
at 4°C. In addition, 300 ug of pre-cleared lysate (without antibody) was

also incubated with the pre-cleared beads for the negative control.
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Following incubation, 30 pl of the Protein A/G beads were added to the
reactions and incubated on a rotator for a further 24 hours at 4°C. The
beads were pelleted by centrifugation at 13,000 rpm at 4°C for 5 minutes
and washed twice in ice cold PBS. The sample was resuspended in 10 ul 3X
NUPAGE loading Buffer and heated at 95° for 5 minutes, kept on ice for 5
minutes and centrifuged for 2 minutes at 13,000 rpm before loading onto
an SDS gel for western blot analysis. Fifty ug of protein was loaded for the

input.

2.7 qRT-PCR

2.7.1 Primer Design

Primers for gPCR were designed where possible to cover exon boundaries
and amplify all protein coding transcript variants using the Universal Probe
Library software (Roche, http://www.universalprobelibrary.com) or, if
there were no suitable primer sets, Primer Basic local alignment search
tool (BLAST) (NCBI, http://www.ncbi.nlm.nih.gov/tools/primer-blast) was
used (table 2-3). Tensin 3 primer sequences were those used previously
by Cao and colleagues (Cao et al., 2012). Primer specificity was checked
against the Refseq mMRNA database using Primer BLAST. Melting
temperature (Tm), GC content and self-complementarity were also

assessed using Primer BLAST.
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Target Forward Primer Reverse Primer

Gene Sequence Sequence

HPRT AAATTCTTTGCTGACCTGCT TCCCCTGTTGACTGGTCATT
CTEN GCGTCTGCTCAGAATCGAC GATGAGGAAGTGTCGGATGG
KLF4 GGGAGAAGACACTGCGTCA GGAAGCACTGGGGGAAGT
LGR5 CCCTTCATTCAGTGCAGTGTT ATTCTGATCAGCCAGCCATC
SOX4 CCAACTCCTTAGTGCCGATT CCTCTCCTACAATGCAAAGCA
NANOG CCAGCTGTGTGTACTCAATGATAGAT TGTTGGAGAGTTCTTGCATCTG
S0x2 AAGGGGGAAAGTAGTTTGCTG AGCCTGGGGCTCAAACTT
OCT4 AGCGACTATGCACAACGAGA CCAGAGGAAAGGACACTGGT
TENSIN 3 GTTGAAAGGGTGCTCGAATGA GAACTTTCTGCTATTTCCTCCAA

TG

Table 2-4: gPCR primer sequences.

2.7.2 RNA Extraction

RNA extraction was performed using the Mammalian Total RNA Mini-prep
kit (Sigma) according to the manufacturer’'s recommended protocol. Two
hundred and fifty pl of Lysis buffer containing 1% B-mercaptoethanol per
well was added to cells grown in a 6 well plate. The lysate was collected
and homogenised in a filtration column for 2 minutes at 13,000 rpm and
following this 250 ul of 70% ethanol was added to the lysate and mixed by
pipetting. The sample was transferred to a binding column, centrifuged at
13,000 rpm for 15 seconds and the flow through discarded. The spin
column was placed back in the collection tube and 250 pl of Wash 1 buffer
was added. The sample was centrifuged at 13,000 rpm for 15 seconds, the
flow through discarded and the collection tube replaced. A master mix of

DNasel (10 ul per column) and buffer (70 pl per column) was prepared and
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mixed by inversion. Eighty ul of this was added directly to the column and
incubated at room temperature for 15 minutes. Two hundred and fifty ul of
Wash 1 buffer was added to the column, centrifuged at 13,000 rpm for 15
seconds, the flow through discarded and the collection tube replaced. Five
hundred pl of Wash 2 buffer (containing ethanol) was added to the column,
centrifuged at 13,000 rpm for 15 seconds and the flow through again
discarded and the collection tube replaced and repeated again with 500 pl
of Wash 2 buffer and centrifuged for 2 minutes. The column was then
centrifuged at 13,000 rpm for 1 minute and following this placed in a 1.5
ml collection tube. Fifty yl of RNase free H,O was added directly to the spin
column membrane and centrifuged at 13,000 rpm for 1 minute to elute the

RNA. The RNA was quantified using the NanoDrop system.

2.7.3 Reverse Transcription

For cDNA synthesis, 0.5 ug of random hexamers (Thermo Fisher Scientific)
and 1 pg of RNA was made up to a total volume of 15 pl with nuclease free
H,O. This was incubated at 70°C for 5 minutes to remove secondary
structure and immediately placed on ice for a further 5 minutes. Following
this, each RNA sample was incubated with M-MLV RT Buffer (Thermo Fisher
Scientific), dNTPs (0.5 mM) (Thermo Fisher Scientific) and M-MLV Reverse
Transcriptase (200 U) (Thermo Fisher Scientific) made up to 25 ul and
prepared as a master mix. Reverse transcriptase negative (RT-) samples,
in which the enzyme was omitted, were also prepared for each sample.
Reactions were incubated at 37°C for 1 hour to allow strand synthesis,
followed by 95°C for 10 minutes. cDNA was diluted 1:10 with nuclease free

H,O prior to gene quantification.

58



2. Materials and Methods

2.7.4 qPCR

The annealing temperature was optimised for each primer set using
gradient PCR. The reaction comprised Go Tag DNA Polymerase (Promega),
250 nM of the forward and reverse primers (Eurofins) and 10% cDNA in a
total volume of 10 ul. The reaction comprised a run cycle of 95 °C for 2
minutes, 40x (95°C for 30 seconds, 60°C +/- 10°C for 30 seconds, 72°C
for 30 seconds) and 72°C for 10 minutes using the Primus 96 thermocycler
(MWG Biotech Inc.). The products were run on a 2% agarose gel
containing SYBR Safe along with a 100 bp ladder (Promega). The
temperature that gave the greatest specific product together with an

absence of non-specific products was considered optimal.

Following annealing temperature optimisation, the efficiency of the reaction
was determined using a standard curve. The reaction was prepared as
before, using serial dilutions of cDNA template. gqPCR was performed on
the 7500 Fast Real-Time PCR System (Applied Biosystems) and the
reaction cycle was as follows, a 95°C for 2 minutes holding stage followed
by 40x (95°C for 3 seconds, optimised annealing temperature for 30
seconds). This was followed by the melt curve stage from 60-95°C.
Reactions with efficiencies of 90-110% were deemed acceptable. If
reaction efficiencies were obtained outside of this range, magnesium (2-4
mM) and primer concentrations (50-350 nM) were optimised until the

reactions were displaying this range of efficiency.

Following optimisation, gPCR was performed by scaling the reaction up to a
total volume of 30 pl. gPCR was performed on the 7500 Fast Real-Time
PCR System and the reaction cycle was as follows, 95°C for 2 minutes

holding stage followed by 40 X (95°C for 3 seconds, optimised annealing
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temperature for 30 seconds). RT- controls were run for each sample and
no template controls were run for each target gene. Each sample was run
in triplicate. Since the reactions were determined to have similar
efficiencies, the 2" method was used for gene quantification. The
expression of Hypoxanthine phosphoribosyl-transferase (HPRT) was used

for gene normalisation.

2.8 Fluorescence Microscopy

2.8.1 GFP-tagged Cten

Cells were seeded on coverslips in 6 well plates and harvested 24 hours
post transfection. Cells were washed in PBS for 5 minutes on a shaker and
fixed with 10% formalin for 5 minutes. The cells were subject to a further
2 wash stages and stained with DAPI (1 pg/ml) for 5 minutes and again
washed with PBS. The treated coverslips were mounted with 10 pl of
Fluorescein mounting media (Sigma) on glass slides. Cells were viewed
under the Leica DMRB upright fluorescence microscope using the FITC (488

nm) and DAPI (405 nm) filters at x63 objective.

2.8.2 Phalloidin Staining

Cells were seeded on coverslips in 6 well plates and stained 24 hours post
transfection. Cells were washed with PBS and following this fixed in 4%
paraformaldehyde for 10 minutes. Cells were subjected to a further 3
washes in PBS then permeabilised in 0.1% Triton X-100 for 10 minutes at
room temperature. The cells were washed a further 2 times in PBS and
incubated with fluorescently labelled phalloidin (1:10,000) (Thermo Fisher)
and Dapi (1 pg/ml) for 15 minutes at room temperature. Following this,

the cells were washed a further 2 times in PBS and mounted on a glass
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slide in 70% glycerol/PBS. The cells were viewed using the Zeiss LSM 710
confocal microscope using the FITC (488 nm), DS red (583 nm) and DAPI
(405 nm) filters at x40 objective. Zen software (Zeiss) was used for image

acquisition.

2.9 Flow Cytometry

Flow cytometry was used to quantify GFP expressing cells following
transfection. Cells were harvested by trypsinisation (see 2.1.2) 24 hours
post transfection and resuspended in 500 ul PBS. The quantification of
Cten transfected cells was performed using the Coulter Altra Flow
Cytometer (Beckman Coulter). The argon laser (488 nm) was used to
detect GFP expressing cells. Weasel software (version 3.0.2) was used for
data analysis. Cells were first gated to exclude any cell debris. Gates were
applied to detect GFP expressing cells using untransfected cells as a

negative control.

2.9.1 Cell Sorting

Both Cten and Cten targeting CRISPR-Cas9 transfected cells were sorted
for downstream experiments based on the expression of a GFP tag.
Following transfection, cells were trypsinised and resuspended in 500 pl of
PBS. GFP expressing cells were sorted using the 488 nm argon laser of the
MoFlo cell sorter (Beckman Coulter). As with standard flow cytometry, cells
were gated to exclude any cell debris and then the expression of GFP in
untransfected cells was used as a cut-off to gate the GFP expressing cells

in the transfected samples. Weasel was used for data analysis.
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2.10 CRISPR-Cas9 Gene Editing

2.10.1 Clonal Expansion of CRISPR Transfected Cells

CRISPR-Cas9 genome editing was used to create a Cten knockout SW620
cell line. The CRISPR-Cas9 construct targeted exon 3 of Cten
(CCGCCAGATCAAGGTGCCACGA). Following transfection of the CRISPR-
Cas9 construct in SW620 cells (see 2.3.1), single GFP expressing cells
were sorted into 96 well plates (see 2.9.1) and clonally expanded over a

28 day period until cell growth was sufficient for passage into a T75 flask.

2.10.2 Confirmation of Gene Knockout

2.10.2.1 DNA Extraction

DNA was extracted from the CRISPR-Cas9 transfected cells using the
Mammalian Genomic DNA Miniprep kit (Sigma), used according to the
manufacturer’s instructions. Briefly, 5x10° cells were pelleted and
resuspended in 200 pl of Resuspension solution followed by RNase
treatment with 20 pl of RNase A Solution for 2 minutes at room
temperature. Following this 20 ul of Proteinase K was added and 200 pl of
Lysis solution to lyse the cells. Five hundred pl of Column Preparation
Solution was added to a Genelute column and centrifuged at 12,000 xg for
1 minute and the flow through discarded. Two hundred ul of ethanol was
added to the cell lysate and vortexed before loading onto the column. The
sample was centrifuged at 12,000 xg for 1 minute and placed in a new
collection tube. The sample was washed by adding 500 ul of Wash Solution
and centrifuged at 12,000 xg for 1 minute and then was placed in a new
collection tube. This was followed by a second wash with centrifugation for

3 minutes. The column was then centrifuged at 12,000 xg for 1 minute and
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placed in a new collection tube. Two hundred ul of Elution Solution was
added to the membrane and incubated for 5 minutes and then centrifuged

for 1 minute at 12,000 xg. DNA was quantified using the NanoDrop.

2.10.2.2 PCR

The region of the Cten gene around the CRISPR-Cas9 target site was
amplified by PCR using Hotshot Mastermix (Clent Life Science), 625 nM
forward and reverse primers (table 2-4), 10% LC green (BioFire Defense)
and 1 ng/ul of the DNA template. The run cycle was as follows: 95°C for 5
minutes followed by 45x (95°C for 20 seconds, 70°C for 45 seconds, and
72°C for 30 seconds) followed by an extension stage at 72°C for 2 minutes
and was performed using the Primus 96 thermocycler. The PCR products
were run on a 2% agarose gel containing SYBR Safe and visualised using a

gel documentation viewing system.

Target Forward Primer Sequence Reverse Primer sequence
Gene
CTEN AGGGAGGGTGACTGGAACTG GAGAGACACGAAGCAGCAGT

Table 2-5: PCR primer sequences used in the preparation of the Cten

knockout SW620 cells.

2.10.2.3 High Resolution Melting

Confirmation of mutation at the target region was determined using HRM.
HRM identifies a change in the DNA sequences as a result of a shifted
melting profile. Products were melted using the LightScanner (BioFire

Defense) and HR1 High Resolution Melter (Idaho Technology Inc.)
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instruments. Ten pl of PCR product was added to 10 ul of mineral oil and
melted over a range of 68-95°C with a temperature increase of
0.3°C/second. The melt curves were analysed using the HR1 or
LightScanner Instrument and Analysis software packages. Those cell
populations displaying an altered melt curve profile compared to wild type
SW620 cells (>4% change in fluorescence) were considered to contain a

mutation.

2.10.2.4 TA Cloning and Blue White Screening

To isolate each Cten allele for subsequent sequencing, the PCR product
was inserted into a plasmid expression vector using the TOPO TA cloning
kit (Thermo Fisher Scientific), according to the manufacturer’s instructions.
Briefly, 4 pl of the PCR product was incubated with 1 pl of Salt Solution
and 1 pl of the TOPO vector. The reaction was incubated at room

temperature for 5 minutes and following this placed on ice.

Blue white screening was performed to select for recombinants. The
plasmid transformation was carried out as described in section 2.2
however, the agar plates were coated with 40 ul of 5-Bromo-4-chloro-3-
indolyl B-D-galactopyranoside (X-gal) (Sigma) at a concentration of 20
mg/ml. White colonies (recombinants) were picked for subsequent

miniprep preparation and purification.

2.10.2.5 Sanger Sequencing

Sequencing was performed by the University of Nottingham Sequencing
Facility using the 3130xlI ABI PRISM Genetic Analyser (Thermo Fisher

Scientific). Sequencing results were analysed using Chromas Lite and
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compared to the Cten gene reference sequence (NC_000017.11) to

determine whether a mutation in the Cten sequence had occurred.

2.11 Deletion Mapping

2.11.1 Primer Design

In order to map the region of Cten responsible for binding to B-catenin,
deletion mapping of the Cten protein was planned. Initially large deletions
of the N-terminus and the C-terminus were planned (figure 2-1). Primers
were designed to enable the deletion of regions of the Cten sequence from
the pEGFP-C1 plasmid which contained the Cten protein coding sequence
(165-2313 of the Cten transcript sequence NM_032865.5) (table 2-5).
Primers were designed to create a construct that comprised only the N-
terminal region of Cten, with the deletion of amino acids 1300-2313,
designated Cten¢!399-2313  The second construct comprised the C terminus
of the Cten protein sequence with deletion of residues 165-1289 and

designated CtenV16>128 (taple 2-5).

—_—
Deleted CteniNiss-1283
—
—_—
CteniC1300-2313 Deleted
P

Figure 2-1: Diagrammatic representation of the primer positions used to

create the deletion mapping constructs.
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Primer Forward sequence Reverse sequence

Cten’C1300-2313
TTCGAATTCGATGTCCCAGG CCGTTGATCAGCACAATGG

TGATGTCCAG GTATGTCCACC

Cten?N165-1289
TGATCAACGGCTGCCCAGA CCTGCGTCTTTCCTACATCC

ACCAGGGTCTT CTAGGTGGGC

Table 2-6: Deletion mapping primer sequences.

2.11.2 PCR Deletion of Plasmid DNA and Gel Extraction

PCR was used to amplify the desired regions using 0.02 U/ul of Phusion
Hot Start II Polymerase, 200 pM of dNTP’s, 0.5 uM of forward and reverse
primers and 0.02 ng/ul of Cten plasmid DNA. The reaction cycle comprised
an initial denaturation stage for 2 minutes at 98°C followed by 35x (98°C
for 1 minute, 52.3°C for 1 minute and 72°C for 4 minutes) and a final
extension stage at 72°C for 10 minutes. Products were run on a 1%
agarose gel at 100 V for 50 minutes and bands visualised using a blue light

transilluminator.

Gel extraction was performed using the Genelute Gel extraction Kit
(Sigma) according to the manufacturer’'s recommended instructions. The
band was excised using a scalpel and weighed. Three hundred pl of
solubilisation solution was added for every 100 mg of gel and incubated at
50-60°C for 10 minutes with occasional vortexing. Five hundred pl of
Column Preparation Solution was added to the binding column, centrifuged
for 1 minute at 13,000 xg and the flow-through discarded. One hundred pl
of isopropanol for every 100 mg of gel was added to the solubilised gel and
mixed. The solubilised gel solution was loaded onto the binding column,

centrifuged at 13,000 xg for 1 minute and the flow-through discarded.
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Seven hundred pl of Wash solution was added to the binding column,
centrifuged at 13,000 xg for 1 minute and the flow-through discarded. The
tube was centrifuged for a further minute. The column was transferred to a
new collection tube, 50 pl of Elution solution was added and centrifuged at

13,000 xg for 1 minute. The eluate was retained.

Resulting plasmids were sequenced to confirm deletion of the targeted
Cten regions. Plasmids were transfected into HCT116 cells to confirm the

deleted construct was translated into protein (see 2.3.1).

2.12 Expression Profiling

2.12.1 Assessment of RNA Integrity

In order to test for downstream targets of Cten, expression profiling was
performed. The NLS-Cten, Cten or empty vector plasmids were transfected
into HCT116 and RKO cell lines (see 2.3.1). Transfected cells were
enriched by cell sorting (see 2.9.1) and the cell RNA extracted (see 2.7.2).
RNA integrity was assessed using the 2100 Bioanalyzer (Agilent). Two pl of
each RNA sample was aliquoted and heated at 70°C for 2 minutes and
placed on ice. One pl of Nano Dye Concentrate was added to an aliquot of
gel (65 pl), vortexed thoroughly and centrifuged for 10 minutes at 13,000
xg. A chip was placed on the chip priming station, 9 pl of the gel dye mix
was pipetted into the appropriate well and the chip priming station was
closed. The plunger was pressed down until hooked underneath the clip
and released after 30 seconds. Nine pl of gel dye mix was pipetted into the
two indicated wells. Five pl of Nano Marker was pipetted into all the ladder
and sample wells and 6 pl into all the unused wells. RNA samples were

pulse centrifuged and 1 pl added to the appropriate well. One pl of size
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ladder was also added to the indicated well. Following this, the chip was
vortexed for 1 minute and placed in the analyser. 2100 Expert software

(Agilent) was used for data acquisition.

2.12.2 cRNA Synthesis

The preparation of labelled complementary RNA (cRNA) was carried out
using the GeneChip 3’ IVT PLUS Reagent Kit (Affymetrix) used according to
manufacturer’s instructions. In the first strand synthesis step, RNA was
reverse transcribed into cDNA with a T7 promoter sequence at the 5’ end.
Two hundred and fifty ng of RNA was made up to a volume of 3 pl and
added to 2 pl of Poly-A RNA Control. Four pl of 3’ First-Strand Buffer and 1
Ml of 3’ First-Strand Enzyme was added to each sample and incubated for 2

hours at 42°C followed by 2 minutes at 4°C.

The second cDNA strand was prepared by adding 13 pl of dH>0, 5 pl of 3’
Second-Strand Buffer and 2 ul of 3’ Second-Strand Enzyme to the cDNA.
Samples were incubated for 1 hour at 16°C, 10 minutes at 65°C followed

by 2 minutes at 4°C.

The double stranded cDNA was transcribed into cRNA using T7 RNA
polymerase. Four yl of 3’ IVT Biotin Label, 20 ul of 3" IVT Buffer and 6 pl of
3" IVT Enzyme were added to the double stranded cDNA. Samples were

incubated for 16 hours at 40°C.

RNA binding beads were used to purify the cRNA from inorganic
phosphates and unincorporated nucleotides. One hundred pl of the
purification beads were mixed with the cRNA sample, transferred into the

well of a 96 well plate and incubated for 10 minutes to allow binding. The
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plate was incubated for a further 5 minutes on a magnetic stand to pellet
the beads and the supernatant was then removed. The beads were washed
3 times with 200 pl of 80% ethanol for 30 seconds and following this, air-
dried for 5 minutes. After removal from the magnetic stand, the cRNA was
eluted by incubation for 1 minute with 27 pl of preheated (65°C) dH,0. The
plate was transferred back to the magnetic stand and the supernatant

retained. The cRNA yield was determined using the NanoDrop system.

2.12.3 Fragmentation

The cRNA was fragmented by divalent cations and high temperatures.
Fifteen pg of cRNA was added to 8 ul of 3’ Fragmentation buffer and
incubated for 35 minutes at 94°C followed by 2 minutes at 4°C. The
fragmented cRNA size distribution was evaluated using the 2100

Bioanalyzer.

2.12.4 Hybridisation

Hybridisation Controls were incubated for 5 minutes at 65°C. A
hybridisation mix was prepared comprising 3.7 ul of Control Oligo B2, 11 pl
of 20X Hybridisation Controls, 110 pl of Hybridisation Mix, 22 pl of DMSO
and 43.9 pl of dH,0. Two hundred pul of hybridisation mix was added to
each GeneChip Human Genome U133 Array (Affymetrix) and incubated for
30 minutes in a preheated hybridisation oven at 45 °C with 60 rpm
rotation. Following this, 190.6 pl of the hybridisation mix was added to
29.4 pl (11 pg) of cRNA and incubated for 5 minutes at 99°C followed by 5
minutes at 45°C. The pre-hybridisation mix was removed from the array
and replaced with the cRNA hybridisation mix. The arrays were incubated

for 16 hours at 45°C with rotation at 60 rpm. Following this, the arrays
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were washed with Wash Buffer A and stained using 600 pl of Stain Cocktail
1, 600 pl of Stain Cocktail 2 and 800 ul of Array Holding Buffer in a fluidics
station. The arrays were then scanned into the GeneAtlas software

(Affymetrix).

2.12.5 Data Analysis

Partek Genomics Suite (version 6.6) was used for data analysis. Genes
differentially expressed >2-fold from the control with p<0.05 were

identified.

2.13 Mutation Profiling

2.13.1 PCR

Cell line identities were verified by HRM mutation profiling of commonly
mutated genes in CRC. Nested PCR was first used to amplify the region
around the targeted mutation. An initial multiplex PCR was performed
comprising Hotshot Diamond mastermix, 188 nM of each outer primer
(table 2-6) and 20 ng template in a 20 pl reaction. The reaction was run on
the Primus 96 thermocycler with a run cycle comprising a holding step of
95°C for 5 minutes, 30x (95°C for 10 seconds/55°C for 30 seconds/72°C
for 20 seconds). The PCR product was diluted 1:100 with nuclease free H,0

and used as template for the subsequent PCR reaction.

A second PCR reaction was performed using primers internal to the primers
from the first reaction. PCR reactions were performed for each inner primer
pair with a reaction comprising Hotshot Diamond mastermix, 10% Eva
Green, 250 nM of forward and reverse primers and 20% template in a
volume of 10 pl. The PCR was again performed on the Primus 96

thermocycler with a holding step of 95°C for 5 minutes followed by 30x
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(95°C for 1 second/55°C for 1 second) with an extension of 72°C for 2
minutes for PIK3CA, TP53, BRAF and PTEN. The run cycle for KRAS
comprised a holding step of 95°C for 5 minutes followed by 30x (95°C for

1 second/62°C for 1 second) with an extension of 72°C for 2 minutes.
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Gene Exon Reaction Forward Primer Reverse Primer
KRAS 2 Outer TGAATATAAACTTGT GCTGTATCGTCAAGG
GGTAGTTGG CACTCT
Inner ATATAAACTTGTGGT TATCGTCAAGGCACT
AGTTGGAG CTTGC
PIK3CA 20 Outer TGAGCAAGAGGCTT CCTATGCAATCGGTC
TGGAGT TTTGC
Inner GCAAGAGGCTTTGG TITTCAGTTCAATGC
AGTATTTC ATGCTG
BRAF 11 Outer TGTTTGGCTTGACTT CTTGTCACAATGTCA
GACTTT CCACATTACATA
Inner GACGGGACTCGAGT TGTCACAATGTCACC
GATGAT ACATTACA
15 Outer ATCTACTGTTTTCCT CAGCATCTCAGGGCC
TTACTTACTACAC AA
Inner TGTTTTCCTTTACTT CCACAAAATGGATCC
ACTACACCTCA AGACA
PTEN 3 Outer TCATTTTTGTTAATG ACTCTACCTCACTCT
GTGGCTTT AACAAGCAGA
Inner GGCTTTTTGTTTGTT CCTCACTCTAACAAG
TGTTTITG CAGATAACTTTC
TP53 6 Outer AGGCCTCTGATTCC  ACCCTTAACCCCTCC
TCACTGAT TCCCA
Inner CCTCTGATTCCTCAC CTTAACCCCTCCTCC
TGATTGC CAGAG

Table 2-7: Mutation profiling primer sequences.
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2.13.2 High Resolution Melting

PCR products were melted using the LightScanner system. Ten ul of PCR
product was added to 10 pl of mineral oil and melted over a range of 68-
95°C (68-98°C for TP53) with a temperature increase of 0.3°C/second. The
melt curves were analysed using the LightScanner Instrument and Analysis
software package (version 2.5.0.3057). A known wt. cell line was used as
a reference sample and those melt curves displaying >4% change in

fluorescence were considered to contain a mutation.

2.14 Functional Assays

2.14.1 Transwell Migration Assay

The Transwell system (Corning) was used to measure cell migration in 24
well plates (figure 2-2). The Transwell inserts (8 pym pore size) were
incubated in DMEM at 37°C for 1 hour prior to use. Following this, 600 pl of
DMEM (containing 20% FBS) was added to the outer wells of the Transwell
plate and the Transwell inserts placed inside. Cells were harvested by
trypsinisation and a total of 1 x10° cells in DMEM (containing 10% FBS)
were seeded onto the Transwell insert. The plate was incubated at 37°C for
24 hours. Following this, the cells that had migrated through to the bottom
of the outside well, using the higher FBS concentration as a
chemoattractant, were manually counted. Triplicate wells were seeded for

each experimental condition.
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DMEM [10% FBS)

DMEM [20% FBS)

Transwell insert

(:-“\\ ‘__,./"h o - Migrated cells

Figure 2-2: The Transwell system. Cell migration and invasion
experiments were performed using the Transwell system. FBS was used as

a chemoattractant for migrating cells.

2.14.2 Transwell Invasion Assay

To assess cell invasion, Transwell inserts were coated with 80 pl of Matrigel
basement membrane extract (Corning) at a concentration of 3 mg/ml and
incubated overnight at 37°C. The coated Transwells were incubated in
DMEM at 37 °C for 1 hour prior to use. Six hundred ul of DMEM (containing
20% FBS) was added to the outer well of the 24 well plate and following
this, the Transwell insert placed inside. Transfected cells were harvested by
trypsinisation and 2x10° cells were seeded onto each Transwell insert. Cells
were incubated at 37 °C for 48 hours and the migrated cells at the bottom
of the outer well were manually counted. Wells were seeded in triplicate for

each experimental condition.
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2.14.3 Proliferation Assay

PrestoBlue Cell Viability Reagent (Thermo Fisher Scientific) was used to
assess cell proliferation. The experiment was performed according to the
manufacturer’s protocol. Briefly, 2x10* cells were plated in triplicate in a 24
well plate and allowed to adhere for 3 hours. Following this, the cells were
incubated with 200 pl of PrestoBlue Cell Viability Reagent for 1 hour at
37°C. As a blank, 200 pl of PrestoBlue Cell Viability Reagent was also
incubated without cells. One hundred pl of the PrestoBlue Cell Viability
Reagent was removed from the cells and transferred to a 96 well plate.
The fluorescence was measured using the BMG FLUOstar Optima Plate
reader (excitation 569 nm/emission 586 nm). The PrestoBlue Cell Viability
Reagent on the cells was replaced with fresh media. Further readings were
taken at 24, 48 and 72 hour time points. The blank fluorescence reading
was subtracted from each experimental fluorescence reading. The blank

corrected values were then normalised to the 0 hour time point.

2.14.4 Colony Formation Assay

Colony formation in soft agar was used to assess anchorage independent
cell growth. One ml of a 0.7% agarose layer (Sigma) containing 2,500
transfected cells in DMEM (supplemented with 10% FBS and
penicillin/streptomycin) was plated in 6 well plates on top of 1 ml of a 1%
agar layer (Sigma) containing DMEM (supplemented with 10% FBS and
penicillin/streptomycin). Plates were incubated at 37°C for 3 weeks and fed
with- 0.5 ml of DMEM (supplemented with 10% FBS and
penicillin/streptomycin). Following this, the plates were stained with

0.005% crystal violet and 4% formaldehyde for 1 hour. The number of
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colonies were manually counted and the colony formation efficiency

determined (number of colonies counted/number of cells seeded x 100).

2.15 TOPflash Reporter Assay

The TOPflash assay was used as a method to measure (B3-catenin
transcriptional activity. HCT116 cells were transfected with Firefly
Luciferase expressing TOPflash or FOPflash plasmids in addition to a Renilla
Luciferase expressing plasmid, in triplicate. Firefly and Renilla Luciferase
were measured using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. Cells were lysed
with 100 pl Passive Lysis Buffer with agitation at room temperature for 15
minutes. Ten pl of the cell lysate was transferred to a 96 well plate. An
automated lumonitor was used to dispense 100 pl LAR II into each sample
well and Firefly luciferase measured. Next, 100 pl Stop & Glo reagent was
dispensed into the well and Renilla Luciferase measured. Firefly Luciferase
was normalised to Renilla Luciferase (Firefly Luciferase/Renilla Luciferase x
1000) and the FOPflash subtracted from the TOPflash result. The fold

change from the control condition was then determined.

2.16 Immunohistochemistry

Immunohistochemical staining was performed using the Novolink Polymer
Detection Kit (Leica) on tissue microarray (TMA) sections (4pm thickness)
mounted on glass slides. Briefly, slides were heated for 10 minutes at
60°C, dewaxed in xylene and dehydrated in industrial methylated spirits
(IMS) using the Autostainer XL (Leica) and following this citrate antigen
retrieval was performed. Peroxidase Block was applied for 5 minutes and
washed with TBS followed by Protein Block for 5 minutes and a TBS wash.

Slides were then treated with either Cten (1:250), Tensin 3 (1:200) or
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Snail (1:30) antibodies diluted in Antibody Diluent (Leica) for 1 hour.
Slides were treated with B2-microglobulin (1:2,000) (Dako) as a positive
control or diluent alone as a negative control. Post Primary Block was
applied for 30 minutes, washed and Novolink Polymer applied for 30
minutes followed by a further wash with TBS. Visualisation of bound
antibody was achieved using Diaminobenzidine (DAB) prepared from DAB
Chromogen and DAB Substrate Buffer. This was incubated for 5 minutes,
washed with TBS and following this, the slides were treated with
Haematoxylin for 6 minutes. Finally, the slides were cleared in xylene and

rehydrated in IMS using the Autostainer XL before mounting in DPX.

Whole slides were scanned using the Nanozoomer digital slide scanner
(Hamamatsu) and viewed using the associated NDP.view 2 viewing
software (Hamamatsu). The TMA’'s were manually scored using the H
score. The H score was calculated using the formula (3 x percentage of
strongly stained cells) + (2 x percentage of moderately stained cells) +
(percentage of weakly stained cells), which assigned a score of 0-300 for

each core.

2.17 Statistical Analysis

Graphical representation of the results was performed using GraphPad
Prism (version 6) with the error bars representing the standard deviation.
The Shapiro-Wilk statistical test was performed to test for normality.
Following this, for normally distributed data, either the unpaired t-test (for
data sets containing 2 treatment groups) or the analysis of variance
(ANOVA) (for more than 2 treatment groups) statistical tests were applied.

Statistical analysis was performed using GraphPad Prism.
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IBM SPSS Statistics (version 22) was used for the analysis of
immunohistochemistry (IHC) TMA staining. The Chi squared test was used
to test for associations between categorical data. The median H score was
taken as the cut off to describe tumours as having low or high marker
expression. The association of marker expression with tumour grade,
tumour stage, nodal stage, vascular invasion, lymph node involvement and
resection margin were investigated. If a small sample size invalidated the
statistical test (>20% with a value <5), the Fishers exact test was

performed.

The Shapiro-Wilk test was used to test for normality. The Wilcoxon signed
ranks test was used to test for associations between marker expression in
the tumour and normal colon for non-normally distributed, continuous

data.

The Spearman’s rank test was used to test for correlations between the
expression of 2 different markers. This was applied to continuous data that

did not follow a normal distribution pattern.

For all statistical tests used, p<0.05 was considered significant.
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3 Investigating the Role of

Cten in the Nucleus
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3.1 Introduction

Cten localises to focal adhesions where it is possible it forms part of a
large, dynamic molecular complex to regulate cell function. Cten has
however also been found to localise to the nucleus but the relevance of
Cten in this cell localisation is unknown. Nuclear localisation of Cten was
found to be more prevalent in colorectal liver metastasis compared to the
primary tumour which could suggest that Cten signalling in the nucleus
further enhances cancer progression (Albasri et al., 2011a). Interestingly,
Cten in the nucleus (but not in the cytoplasm) binds to B-catenin, a
transcription factor in the canonical Wnt signalling pathway (Liao et al.,
2009). The Wnt pathway is concerned with the maintenance of stem cells
in the normal intestinal epithelium and is frequently dysregulated in
colorectal tumours, usually through loss of APC function. Aberrant
signalling leads to increased B-catenin transcriptional activity and hyper
proliferation in the intestinal crypt arising from the stem cell compartment

(Fodde, 2002).

Exactly how Cten is interacting with nuclear B-catenin and whether this is
functionally relevant in tumour cell biology is currently unknown. Forced
expression of Cten was shown to give increased colony formation in soft
agar. This is an in vitro method to assess anchorage independent cell
growth and measure a cells ability to undergo unlimited replication (both
are features of stem cells) and this was suggested to occur in conjunction

with B-catenin (Liao et al., 2009, Franken et al., 2006).

CSCs, which could arise from aberrant stem cell signalling or from cancer
cells acquiring stem cell characteristics, are thought to comprise a sub-

population of cells within the total tumour mass. CSCs have been shown to
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be critical for tumour initiation, metastasis and therapeutic resistance (Li et
al., 2007, Abdullah and Chow, 2013). Consequently, it is imperative that

mechanisms regulating cancer cell stemness are determined.

It was hypothesised that nuclear localised Cten may play an important role
in inducing the CSC phenotype. To investigate this, Cten was targeted to
the nucleus and the functional activity and downstream signalling of Cten
in this localisation was investigated. Additionally, the interaction between
Cten and B-catenin was explored in order to try and determine how these

proteins could interact.
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3.2 Results

3.2.1 The Targeting of Cten to the Nucleus

3.2.1.1 Plasmid Preparation and Transfection

The targeting of Cten to the nucleus was used to investigate Cten
signalling in CRC. A construct containing Cten tagged with a nuclear
localisation signal (NLS-Cten) was generated by Dr Maham Akhlaqg. Cten,
NLS-Cten and empty vector control expression constructs were prepared
and agarose gel electrophoresis performed to assess plasmid integrity prior
to downstream use (figure 3-1). All three constructs revealed the presence
of a heavy lower molecular weight band indicative of supercoiled DNA, a
second band representative of linear DNA and a third just visible nicked
plasmid band. There is an absence of single stranded circular plasmid
which would be present if denaturation had occurred. NLS-Cten, Cten and
empty vector constructs comprise 7,193 bp, 7,172 bp and 5,000 bp
respectively. NLS-Cten and Cten constructs migrated a similar distance
with supercoiled DNA in the region of 4,000-6,000 bp and the empty
vector at 2,500-4,000 bp slightly lower than the expected sizes due to the

migratory behaviour of this plasmid form.
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Figure 3-1: Analysis of plasmid integrity. NLS-Cten, Cten and empty
vector plasmids run on a 1% agarose gel revealed the presence of

supercoiled, linear and nicked circular plasmid DNA.

3.2.1.2 Sequencing of the Cten and NLS-Cten Constructs

The sequencing of both the NLS-Cten and Cten plasmids was performed to
ensure that both the full and correct Cten sequence was present in both
plasmids and confirm that the NLS sequence was present in the NLS-Cten
construct (figure 3-2). A BLAST search confirmed that full length Cten was
present in both the Cten and NLS-Cten plasmids. The NLS sequence
(CCGAAACGGAGAAGGACATACQC) was located at Cten N-terminus in the NLS-

Cten plasmid.

83



3. Investigating the Role of Cten in the Nucleus

Figure 3-2: Sequencing of the Cten and NLS-Cten plasmids. A)
Sequencing of the Cten plasmid with the start codon of the coding region
(ATG) from position 71. B) Sequence results of the NLS-Cten plasmid
shows the NLS sequence (highlighted), followed by the Cten coding

sequence from position 133.

3.2.1.3 Transfection Optimisation

Optimal plasmid transfection conditions were next determined (table 3-1).
Initial transfection experiments revealed that the NLS-Cten plasmid had
lower transfection efficiency than the Cten plasmid and the empty vector

control plasmid had the greatest transfection efficiency of all. The NLS-
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Cten construct was used for optimisation experiments so that the minimum
transfection efficiency was known. Plasmid concentration, Lipofectamine
2000 transfection reagent volume and cell density parameters were
optimised in HCT116, a low expressing Cten cell line. Flow cytometry was
used to measure the number of cells expressing GFP, present within the
expression construct and tagged to NLS-Cten. The optimal concentration
had a transfection efficiency of 26.61% using 5 pug of NLS-Cten plasmid
together with 10 pl of Lipofectamine 2000 and cells at 70% confluency.
This condition was used for transfection experiments using the NLS-Cten

and Cten expression constructs.
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Cell Density 3 pg Plasmid 4 ug Plasmid 4 ug Plasmid 6 pg Plasmid 8 pg Plasmid
10 pl 10 pl 10 pl 20 pl 24 ul

Lipofectamine Lipofectamine Lipofectamine Lipofectamine Lipofectamine
70% 21.70 23.43 26.61 16.87 20.24
80% 21.84 24.10 21.85 19.49 15.41
90% 19.53 21.45 20.10 15.30 16.27

Table 3-1: Optimisation of NLS-Cten transfection efficiency in HCT116 cells.
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Following optimisation, transfection of NLS-Cten, Cten and empty vector
plasmids was performed in HCT116 and RKO cell lines and western blot
used to verify protein expression (figure 3-3). Cten was present in both the
NLS-Cten and Cten transfected cells in the region of 110 kDa (combined
molecular weight of Cten and GFP) yet absent in the empty vector control.
The transfection is more efficient in Cten transfected cells than those
transfected with the NLS-Cten construct. Both Cten and NLS-Cten
constructs transfected better in HCT116 than RKO. NLS-Cten was only
weakly expressed in RKO cells. Multiple bands were occasionally observed
on western blots following forced expression of Cten. As these were not
seen following blotting for endogenous Cten, it is likely that the additional
bands were a result of plasmid degradation, which was evident on longer

exposures of the western blot.
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Figure 3-3: Forced expression of Cten and NLS-Cten. Transfection of the

NLS-Cten, Cten or the empty vector plasmids in HCT116 and RKO cell

lines.
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3.2.1.4 Confirmation of Cten Nuclear Targeting

To verify that the NLS-Cten expression construct was targeting Cten to the
nucleus, confocal microscopy was used following the transfection of NLS-
Cten and Cten expression constructs in RKO cells (Figure 3-4). RKO cells
transfected with NLS-Cten displayed both nuclear and cytoplasmic GFP
expression but the localisation was predominantly nuclear. Cells
transfected with wt. Cten also displayed both nuclear and cytoplasmic
localised GFP however nuclear GFP was present to a lesser extent than in
the NLS-Cten transfected cells. This suggests that although not highly
efficient, the NLS signal is sending some of the Cten protein to the nucleus.
The cells transfected with the empty vector control plasmid showed high
levels of GFP expression. GFP was located both in the cytoplasm and
nucleus of the cells as expected. GFP due to its small size can diffuse into

the nuclear compartment.
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Figure 3-4: NLS-Cten targeted Cten to the nucleus. (A-C) The cellular
localisation of Cten tagged with GFP following transfection with the NLS-
Cten expression construct is mostly nuclear. (D-F) Cten is mainly localised
to the cytoplasm following transfection with the Cten expression construct.
(G-I) GFP is localised to both the nucleus and cytoplasm in the control cells

(scale bar 25 um).
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3.2.2 The Functional Activity of Cten in the Nucleus

Little is known about the functionality of Cten in the nucleus. To investigate
this, Cten was forcibly targeted to the nucleus using the NLS-Cten
expression construct, together with Cten and the empty vector as controls
in both HCT116 and RKO cell lines. Cell proliferation was assessed using
the PrestoBlue assay which provides a measure of cell metabolic activity
and therefore provides an indirect measure of cell viability (figure 3-5). In
both HCT116 and RKO there was no difference in cell proliferation between

the NLS-Cten, Cten and empty vector transfected cells at 72 hours.

The ability of Cten and nuclear localised Cten to induce colony formation in
soft agar was investigated (figure 3-6). The colonies formed from single
cells after 21 days of growth were all of a similar size but the number of
colonies formed differed. Cten transfected HCT116 cells gave rise to a
greater number of colonies than empty vector transfected cells and cells
transfected with NLS-Cten gave a greater number of colonies than Cten
transfected cells. This was also validated in RKO cells which showed a
similar pattern of colony formation efficiency (figure 3-6). This suggests
that nuclear localised Cten increases colony formation efficiency compared

to wt. Cten.

Transwell migration assays were performed in HCT116 and RKO cell lines
to determine whether nuclear localised Cten acts to increase cell migration
(figure 3-7). In both cell lines, cell migration was increased when cells
were transfected with Cten compared to the empty vector control.
Transfection of cells with NLS-Cten increased cell migration further still,
demonstrating that nuclear localised Cten acts to increase cell migration

compared to wt. Cten.
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Figure 3-5: Nuclear Cten does not affect cell proliferation. (A) In HCT116
there was no significant difference in proliferation between NLS-Cten and
Cten (p=0.3651) and Cten and empty vector transfected cells (p=0.6151).
(B) Similarly, in RKO there was a lack of difference in cell proliferation
between NLS-Cten and Cten expressing cells (p=0.9175) and Cten and
empty vector transfected cells (p=0.4250) (One-way ANOVA at 72 hour

time point, n=3).

91



3. Investigating the Role of Cten in the Nucleus

€ 15+ *
E T I * K
g =
& 104 —
w
4 —
S
o
£ S [
S -
>
[
°
g 0 5 7
2 N O
\?,0' o \\zé’
S &
'S
B <

501 * kK

a0d ==
LR
30- o |

204

101

-~
2
<
c
2
=
=
b}

= ==
°
=]
©
£
-
S
w
>
2
°
°
o

Figure 3-6: Nuclear Cten increases colony formation efficiency. (A) Forced
expression of Cten in HCT116 cells gave higher colony formation efficiency
than the empty vector control (P=0.0041) and more colonies were formed
when Cten was targeted to the nucleus (P=0.0473). (B) NLS-Cten
transfected RKO cells gave a greater number of colonies than Cten
transfected cells (P<0.0001) which produced more colonies than the
control (P=0.0005) (One-way ANOVA, n=3). Colonies formed after
transfection with (C) NLS-Cten, (D) Cten or (E) the empty vector
constructs were all of similar size. (F) The blank control containing no cells

was also included as a negative control.
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Figure 3-7: Nuclear Cten increases cell migration. (A) Upon forced
expression of Cten in HCT116, a greater number of cells migrated through
the Transwell membrane (p=0.0218) and this migratory effect was
furthermore increased upon the targeting of Cten to the nucleus
(p=0.0122). (B) In RKO, there were a greater number of migrated cells for
NLS-Cten transfected cells compared to Cten (p=0.0342) and Cten
transfected cells migrated more than the empty vector transfected cells

(p=0.0443) (One-way ANOVA, n=3).
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3.2.3 Cten’s Role in the Regulation of Cancer Cell Stemness

Forced expression of Cten in the nucleus increased colony formation
efficiency, which assesses the ability of a cell to undergo unlimited rounds
of replication and hence is an indication of cell stemness. Additionally Cten
binds to B-Catenin which regulates the intestinal stem cell compartment. It
is possible that Cten in the nucleus acts to regulate genes associated with
cell stemness. To investigate this, either the NLS-Cten, Cten or the empty
vector control constructs were transfected into HCT116 cells and the
changes in expression of a panel of CSC markers were investigated. KLF4
was upregulated over 2-fold when cells were transfected with nuclear
targeted Cten compared to wt. Cten but NANOG, OCT4, SOX2 and SOX4
were unaffected (figure 3-8). This effect of nuclear localised Cten was
validated in RKO cells which showed over a 3-fold increase in KLF4
expression following transfection of the NLS-Cten construct compared to
wt. Cten. The expression of LGR5 was also investigated but this marker

wasn’t highly expressed in the CRC cell lines investigated.

Cells expressing nuclear targeted Cten displayed an upregulation of KLF4
mMRNA. To determine whether KLF4 was also upregulated at the protein
level, a western blot was performed following the transfection of NLS-Cten,
Cten or empty vector control plasmids (figure 3-9). Lysates were
harvested at both 24 and 48 hours post transfection to allow for any delays
in protein translation. KLF4 protein expression remained consistent for all
treatment conditions demonstrating that contrary to that seen at the

mMRNA level, Cten in the nucleus does not induce KLF4 expression.
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Figure 3-8: Nuclear Cten upregulates KLF4 mRNA. A) The transfection of
NLS-Cten in HCT116 cells did not affect the mRNA expression of NANOG
(p=0.0551, n=3) OCT4 (p=0.5644, n=3) SOX2 (n=2), SOX4 (n=2)
compared to transfection with Cten. NLS-Cten was associated with an
increase in KLF4 expression in HCT116 (p=0.0341, n=3) and B) RKO cell

lines (n=2) (One-way ANOVA).
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Figure 3-9: Cten does not regulate KLF4 at the protein level. KLF4 protein
expression was consistent following the transfection of NLS-Cten, Cten or

the empty vector plasmids in HCT116 at both 24 and 48 hours post

transfection.
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3.2.4 Identification of Cten Downstream Targets

3.2.4.1 Sample Preparation for Expression Profiling

Initial investigations of the ability of nuclear localised Cten to induce the
expression of stem cell markers failed to identify any downstream targets.
To widen the search for potential Cten target genes, expression profiling
was performed following the transfection of NLS-Cten, Cten or the empty

vector control plasmids in both HCT116 and RKO cell lines.

To allow comparison between Cten and NLS-Cten transfected cells, despite
differences in transfection efficiencies and also to enrich for transfected
cells, HCT116 and RKO cells were sorted based on the expression of the
GFP tag contained within the plasmid following transfection. GFP positive
cells were successfully sorted from untransfected cells to use for

downstream analysis (figure 3-10).
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Figure 3-10: Enrichment of Cten and NLS-Cten transfected cells for

expression profiling. Cells were sorted based on GFP expression.

Following cell sorting Cten protein expression was investigated by western
blotting. It was expected that following sorting, the expression of Cten
would be similar in both NLS-Cten and Cten transfected cells however this
was not the case, possibly due to a lower stability of the NLS-Cten fusion

protein (figure 3-11).
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Figure 3-11: The expression of NLS tagged and wt. Cten in HCT116 and

RKO cells following cell sorting (n=1).

RNA was extracted from the cells following cell sorting. Those RNA samples
with acceptable purity, assessed by the 260/280 nm and 260/230 nm
absorbances, were also assessed for RNA integrity. This was determined

using the 2100 Bioanalyzer and the RNA integrity number (RIN) calculated
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was used as an indication of the RNA quality (figure 3-12). The gel image
showed that the RNA extracted was of good quality as the 28S and 18S
rRNA bands could be clearly identified with band thickness approximately
double for the 28S rRNA than the 18S band. Lanes were clear showing an
absence of RNA degradation products. Graphical representation of the RNA
also revealed 2 distinct peaks representative of rRNA. Those samples with
a RIN >7 and within a similar range were accepted to use for expression

profiling.
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Figure 3-12: Analysis of RNA integrity. A) The electrophoresis gel
revealed clear 18S (lower) and 28S (upper) rRNA bands with minimal
degradation products for RNA derived from Cten, NLS-Cten and empty
vector transfected cells. B) Graphical representation of HCT116 and RKO

RNA revealed 2 distinct rRNA peaks with acceptable RIN’s (>7).
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3.2.4.2 Differentially Expressed Genes Identified by Expression

Profiling

Affymetrix microarray expression profiling was performed by Prof Sean
May, University of Nottingham. It was used to identify differentially
expressed genes between NLS-Cten, Cten and empty vector transfected
cells in both HCT116 and RKO cell lines. The principal components analysis
(PCA) plot was used to explore the preliminary data and this showed that
the biggest separation of samples, based on gene expression, was between
the different cell lines (figure 3-13). Ellipsoids for all 3 HCT116 treatment
groups do not overlap showing there is a difference in gene expression
profiles between these groups. For RKO, both NLS-Cten and Cten
expression profiles are different to the empty vector transfected cells but

are not different to each other as the ellipsoids display an overlap.
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Figure 3-13: Expression profiling PCA plot. A) The PCA plot displays both
HCT116 and RKO data points but is positioned to show the clustering of
HCT116 sample replicates with no overlap between NLS-Cten, Cten and
empty vector samples. B) Rotation of this image reveals that RKO NLS-
Cten and Cten ellipsoids overlap demonstrating that transcriptome

expression levels are similar for these 2 samples.
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Partek uses ANOVA to identify differentially expressed genes. A concise list
was created for each cell line displaying those genes showing >2 fold
difference with p<0.05 (table 9-2 and 9-4). Using these criteria, in HCT116
there were 335 genes differentially expressed between Cten and empty
vector control transfected cells whilst in RKO there were 31 genes
differentially expressed between Cten and empty vector control transfected
cells. There were considerably more differentially expressed genes in
HCT116 than there were in RKO. To further narrow down the number of
genes and to further ascertain that the genes identified were true
downstream targets of Cten, 25 genes that were differentially expressed in
both HCT116 and RKO where identified (figures 3-14 and 3-15, table 9-6).
Of those genes, 17 could be identified whereas 8 of the differentially
expressed genes were unknown. The genes identified have a range of
cellular functions including the regulation of cell motility, DNA replication,
membrane trafficking and many are implicated in cancer. There were no
stem cell markers present in the group of 25 genes but there were a
number of markers that were shown to be differentially expressed either in
1 cell line only or less than 2-fold, including Aldehyde dehydrogenase 1
family, member A2 (ALDH1A2) (p=4.070x107), Musashi RNA-Binding
Protein 2 (MSI2) (p=0.004), and Achaete-scute family bHLH transcription
factor 2 (ASCL2) (p=0.006), which were upregulated 5.420, 2.270 and
1.405 fold respectively in Cten transfected HCT116 cells compared to the

empty vector. MSI2 expression was also upregulated in RKO (p=0.010).
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6 25 310
RKO Cten vs EV (31) HCT116 Cten vs EV (335)

Figure 3-14: Differentially expressed genes for Cten and empty vector
transfected cells. Thirty one and 335 genes were identified as differentially
expressed between Cten and empty vector transfected RKO and HCT116
cells respectively (>2-fold, p<0.05, ANOVA). Twenty five differentially

expressed genes were common to both cell lines.
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Figure 3-15: Hierarchical clustering of differentially expressed genes. Genes differentially expressed (>2-fold, p<0.05, ANOVA) between

Cten and empty vector transfected cells common to both HCT116 and RKO cell lines.
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To determine which pathways the differentially expressed genes between
Cten and empty vector transfected HCT116 cells mapped to, Ingenuity
Pathway Analysis (IPA) was performed (figure 3-16). Consistent with Cten
signalling in breast cell lines, differentially expressed genes were
concerned with Rho signalling. CXCR4 and tight junction signalling
pathways were identified and are consistent with Cten’s function in
metastasis. Furthermore, additional pathways not previously linked to Cten
function were identified including metabolic, semaphorin and Cdk5

signalling pathways.
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Figure 3-16: Cten pathway analysis. Signalling pathways significantly

altered in response to Cten transfection in HCT116 cells.
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The expression profiles of HCT116 and RKO cells transfected with NLS-Cten
were also determined and compared to the expression of genes in wt. Cten
transfected cells (figure 3-17, table 9-3 and 9-5). In HCT116, there were 8
differentially expressed genes identified between the 2 samples (> 2-fold,
p<0.05) however all of these genes were also differentially expressed
when comparing Cten to empty vector transfected cells. It is possible that
Cten in the nucleus does not affect the transcriptional activity of any genes
and those genes that were identified were so due to a lower transfection
efficiency of the NLS-Cten plasmid than wt. Cten. In RKO 2 genes were
identified to be differentially expressed when comparing the expression
profiles of NLS-Cten and Cten transfected cells. Of these 2 genes, 1 was
not identified previously however the identification of this gene was

unknown.
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HCT116 NLS-CTEN vs. CTEN (8) HCT116 CTEN vs, EV (335)

RKO NLS-CTEN vs. CTEN (2) RKO CTEN vs. EV (31)

Figure 3-17: Differentially expressed genes for Cten and NLS-Cten
transfected cells. A) The 8 differentially expressed genes identified
between NLS-Cten transfected and Cten transfected HCT116 cells were all
differentially regulated between Cten and empty vector transfected cells.
B) In RKO 2 genes were differentially expressed between NLS-Cten and
Cten transfected cells, of these 1 was also differentially expressed when
comparing Cten and empty vector transfected cells (>2-fold, p<0.05,

ANOVA).
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3.2.5 Cten and B-catenin Interaction in the Nucleus

3.2.5.1 Mapping the Regions of Cten Binding

Cten has been shown to bind to B-Catenin in the nucleus however the
relevance of this interaction is unknown. First, to confirm that Cten did
bind to p-Catenin, a co-IP experiment was performed (Figure 3-18). A co-
IP was performed in HCT116 as future experiments used forced expression
of Cten in this cell line. Forcibly expressed Cten immunoprecipitated with
B-Catenin in HCT116 cells. To confirm that this interaction occurs without
manipulation of gene expression, a co-IP was performed in SW620. Here

endogenous Cten immunoprecipitated with B-Catenin, thus confirming that

these 2 proteins interact.

e
s 2
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C a.
— -

IP B-catenin
Negative
Input

IP Cten

IP B-catenin
Negative

Cten 110 kDa

Cten 77 kDa
50 kDa 50 kDa
40 kDa
25 kDa 20 kDa
20 kDa
HCT116 SW620
Blot Cten Blot Cten

Figure 3-18: C(Cten co-immunoprecipitated with p-Catenin. Cten co-
immunoprecipitated with (B-Catenin for both endogenous Cten in SW620

and forcibly expressed Cten in HCT116 cells.
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Following confirmation that Cten binds to B-catenin, the regions of Cten
binding were investigated to gain further mechanistic detail. This was
achieved through deletion mapping experiments in which PCR was used to
amplify all but the required deletion region from the Cten plasmid. Two

Cten deletion constructs were created. Cten?¢t300-2313

comprised Cten N-
terminus containing nucleotides 165-1300 of Cten with nucleotides 1301-
2312 deleted. Cten®N'®>1289 comprised Cten C-terminus and contained
nucleotides 1290-2312 of Cten with nucleotides 165-1289 deleted.
Following amplification of the required sequence from the wt. Cten
expression vector, the products were run on a gel to confirm that the
deletion constructs were of the predicted size (Cten*“13°°-2313 6031 bp and
Cten?N6>1289 5755 pp) (figure 3-19). Both constructs migrated to
approximately 6,000 bp as expected. The resulting plasmids were
transformed and purified. The deletion constructs were sent for sequencing
to ensure that the correct sequences had been deleted as intended and
that the remaining Cten sequence was present within the plasmid. Of those

constructs sequenced, 1 contained the desired sequence for Cten”¢!300-2313

and 2 constructs contained the correct sequence for CtenN165-1289

(CtenAN165-1289( 1) and CtenAN165-1289(2)).
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CtenAC1300-2313 Negative
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Figure 3-19: Agarose gel of Cten deletion constructs. Cten deletion
constructs were prepared by amplifying the desired region from the Cten

expression construct and the products run on an agarose gel.

Following confirmation that the plasmids contained the correct sequence,
transfection into HCT116 cells and western blotting was performed to
determine whether the deletion constructs were expressed at the protein
level (figure 3-20). Cten®“!390-2313 yas expressed as a 65 kDa protein (when
fused to GFP). Neither of the 2 Cten*V165128 constructs that contained the
correct sequence were expressed at the protein level following transfection

in HCT116. To ensure that this wasn’t a problem with loss of the antibody
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binding site, flow cytometry was performed by counting the number of
cells expressing GFP, also contained within the plasmid and expressed as a
fusion protein tagged to Cten. Confirming the western blot results, 48.85%
of Cten’t1300-2313 transfected cells expressed GFP was but there was only

0.51-0.57% GFP expression for Cten®"'6>128 transfected HCT116 cells.
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Figure 3-20: The expression of the Cten deletion constructs. A) The
expression of wt. Cten, the Cten deletion constructs Ctenc1300-2313
Cten™\15>1289(1) and Cten®N'®>1289(2) jn HCT116 cells by western blotting.

B) The expression of the Cten deletion constructs by flow cytometry.
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The ability of Cten’“'3002313 to retain binding to B-catenin was next
investigated following transfection in HCT116 (figure 3-21). The lysates
were immunoprecipitated with p-catenin and blotted with Cten to
determine whether the interaction between these 2 proteins was
maintained through the N terminal region of Cten. Weak Cten-B-catenin
binding is present in the lysate from full length Cten and this binding is still
present in the lysate derived from cells transfected with Cten®c1300-2313  Thjs

demonstrates that binding to B-catenin is at least partly through the N

terminal region of Cten.
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Figure 3-21: Co-immunoprecipitation of Cten®“13%9-2313 and B-catenin. Wt.
Cten and Cten’“13992313  transfected HCT116 whole cell lysates

immunoprecipitated with -catenin.
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3.2.5.2 Investigating the Relevance of the Cten and pB-catenin

Interaction

It was hypothesised that nuclear Cten may retain f-Catenin in the nucleus
thereby enhancing B-Catenin transcriptional activity and enabling the
expression of target genes. To investigate this, a western blot of B-Catenin
expression was performed following transfection of NLS-Cten, Cten or the
empty vector control constructs (Figure 3-22). Firstly, B-Catenin protein
expression was investigated in whole cell lysates derived from HCT116 and
RKO transfected cell lines. B-Catenin protein expression increased slightly
when cells were transfected with Cten compared to transfection with the
empty vector control. B-Catenin protein expression however was not
further increased when cells were transfected with the NLS-Cten construct,
possibly due to the lower transfection efficiency of this plasmid. p-Catenin
was not expressed, nor was it induced in RKO cells following Cten or NLS-
Cten plasmid transfection. This demonstrates that Cten may increase f-
catenin protein expression. A further western blot was performed to
investigate B-Catenin expression in the nuclear lysate fraction of HCT116
cells. Taking into account the expression of actin, B-Catenin expression
remained consistent in all transfection conditions. This implies that
although Cten may increase B-catenin expression, it does not retain B-
Catenin in the nucleus. There are however preliminary results and further

repetition is required.
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Figure 3-22: B-Catenin expression following transfection of NLS-Cten,
Cten or the empty vector control. A) B-Catenin expression in the whole

cell extract and B) the nuclear extract (n=1).

Despite showing that Cten does not retain p-Catenin in the nucleus, it is
still possible that Cten may promote B-Catenin transcriptionally activity,
perhaps by aiding binding to the TCF/LEF promoter regions or via other
unknown mechanisms. The TOP-flash assay is a well described assay that
can be used to measure B-Catenin transcriptional activity. HCT116 cells
were transfected with either Cten of the empty control as with previous
experiments however in addition, a Renilla Luciferase expressing plasmid,

together with either a TOP-flash or FOP-flash plasmid were also
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transfected. The TOP-flash plasmid contains a Firefly Luciferase reporter
gene downstream of a TCF/LEF promoter region. The FOP-flash contains
point mutations in the promoter region thereby acting as a negative
control. The levels of normalised Luciferase were measured as an
indication of p-Catenin transcriptional activity (figure 3-23). Cten
expressing HCT116 cells expressed similar levels of Luciferase to the
empty vector control transfected cells. This suggests that Cten does not

induce B-Catenin transcriptional activity in HCT116 cells.
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Figure 3-23: The effect of Cten on B-catenin activity. TOPflash luciferase
reporter activity remained consistent in both Cten and empty vector

transfected HCT116 cells (p=0.6170, unpaired t-test, n=3).
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3.2.6 The Expression and Localisation of Cten in Colorectal Cancer

Tissue

Cten protein is predominantly expressed in the cytoplasm but expression
has also been found in the nucleus. The localisation of Cten in 84 colorectal
cases was investigated by immunohistochemistry. The TMA was
constructed from cores taken from the centre, invasive and luminal edges
of the tumour. An area of normal colon adjacent to the tumour was also

sampled for each patient.

Antibody optimisation was initially performed using kidney tissue, chosen
as it expresses moderate levels of Cten protein and due to tissue
availability. Initial antibody concentrations of 1:100, 1:500 and 1:1,000
were used and following this, further antibody dilutions enabled the
optimum antibody concentration to be determined. Final optimisation was
performed using colon tissue (figure 3-24). A concentration of 1:250 was
chosen as a variation in staining could be observed across the different
cases and had minimum background staining. Following this, the colon

TMA was subject to staining (figure 3-25).

Cten staining was found to localise mainly to the cytoplasm with all cases
showing positive cytoplasmic staining. Positive nuclear staining was
observed but only in 4 of 84 cases. Cten staining was also localised to the
membrane in 20 cases. The Wilcoxon signed ranks test was used to test
for significant differences in Cten staining between the normal colon and
tumour. There was no difference in Cten expression between tumour and
normal colon (p=0.366) however Cten positivity was greatest in the
tumour with all patients showing Cten positive staining however only 91%

samples showed positive Cten staining of normal colon tissue. The Chi
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squared test was used to test for associations between Cten staining and
the clinical features. Cten staining in each cellular localisation was not
associated with tumour grade, tumour stage, nodal stage, vascular
invasion, Dukes stage, lymph node involvement or resection margin (table

3-2).

Figure 3-24: Optimisation of Cten IHC staining. A) Cten was optimised in
colorectal tissue at dilutions of 1:500 and B) 1:250. C) Staining of colon
tissue with B2-microglobulin was used as a positive control. D) Colon

stained without any antibody served as a negative control.
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Figure 3-25: Cten staining of colorectal tumours. A) TMA cores of CRC
revealed Cten staining in the cytoplasm B) cytoplasm and nucleus, and C)

membrane and cytoplasm.
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Cytoplasmic Nuclear Staining Membranous
Staining staining
Parameter Low High P Low High p Low High p
Tumour 0.834 0.299 0.366
Grade
1 1 1 2 0 2 0
2 37 40 74 3 54 23
3 3 2 4 1 5 0
Tumour 0.544 0.671 0.886
Stage
1 1 2 3 0 2 3
2 6 6 12 0 9 12
3 20 26 44 2 32 46
4 14 9 21 2 18 23
Nodal 0.105 0.360 0.256
Stage
0 23 30 51 2 38 15
1 12 12 23 1 16 8
2 6 1 6 1 7 0
Vascular 0.344 1.000 0.804
Invasion
0 19 23 40 2 29 13
1 22 18 38 2 30 10
2 0 2 2 0 2 0
Dukes 0.370 0.786 0.744
Stage
A 7 6 13 0 10 3
B 16 22 37 1 26 12
C1 17 11 26 2 20 8
Cc2 1 3 4 0 4 0
Lymph 0.618 0.241 0.842
Nodes
0 23 30 51 2 38 15
1+ 18 13 29 2 23 8
Resection 0.616 0.184 0.291
margin
Free 38 40 75 3 58 20
Involved 2 1 2 1 2 2

Table 3-2: Association of Cten staining in cytoplasmic, nuclear and

membranous localisations and the clinicopathological features. Significance

was tested using the chi squared test.
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3.3 Discussion

Cten localises to the nucleus however the relevance of Cten in this
subcellular localisation in terms of cell signalling and cancer progression is
unknown (Albasri et al., 2011a). Cten was successfully targeted to the
nucleus in colorectal cell lines and Cten when localised to the nucleus was
shown to further enhance cell migration and colony formation efficiency

compared to wt. Cten, which is predominantly localised at focal adhesions.

Although there was a shift in Cten to the nucleus, the nuclear targeting
was not 100% efficient as Cten was still observed in the cytoplasm of some
cells. Cten localisation was assessed by confocal microscopy and may have
benefited from cell fractionation to better assess the localisation of Cten
following transfection with both constructs. Furthermore, despite
optimisation, the expression of Cten using the NLS-Cten construct was
consistently lower than forced expression of wt. Cten. The presence of
multiple start codons within the primer used to create the NLS-Cten
construct may have led to reduced translation of the full NLS tag and also
Cten protein expression. Alternatively, the NLS-Cten construct may have
undergone a change reducing its transfection efficiency in mammalian
cells. In the former case, redesigning of the NLS-Cten construct may give
increased Cten expression and nuclear localisation to better allow
comparison between wt. Cten and nuclear localised Cten. Investigations
could determine whether the NLS tag is more efficient placed at the N-
terminus, C-terminus or at both Cten termini. In the latter case, testing
more clones after the initial construction of NLS-Cten may have picked up
plasmids with greater transfection efficiency. However, the increased
functional changes were observed despite the reduced transfection

efficiency of the NLS-Cten construct and Cten nuclear localisation
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suggesting that nuclear localised Cten does strongly induced these cell
properties. Tests for proliferation showed no difference compared to empty
vector for either NLS-Cten or wt. Cten thereby confirming previous data

showing that Cten does not affect cell number (Albasri et al., 2009).

The colony formation assay is often used as an in vitro method to assess
cell stemness and this property was indeed increased when Cten was
targeted to the nucleus. However, this assay alone is not sufficient to
confirm that Cten promotes cancer cell stemness and other supplementary
methods should be wused. The gold standard method is serial
transplantation in animal models to demonstrate the cell’'s unlimited
replicative ability although there are other in vitro methods that could
support this hypothesis (Schatton and Frank, 2010). These include
spheroid formation and Aldefluor assays. Despite there being in vitro
evidence of an effect of nuclear localised Cten on stemness, there was no
convincing increase in the expression of stem cell markers. NLS-Cten
transfected cells were compared to Cten transfected cells specifically for a
panel of genes which have been used to create induced Pluripotent Stem
Cells (iPSCs) (Okita et al., 2007). There was no change in the expression
of these, other than in KLF4. This however was not seen at the protein
level and thus remains of uncertain significance. A similar comparison was
performed using Affymetrix expression profiling arrays which did not
identify any downstream targets at the mRNA level. This would suggest
that Cten in the nucleus is not acting as a transcription factor however it is
possible that Cten is regulating protein expression or carrying out
alternative functions in the nucleus that remain to be identified. It is
possible that expression changes were missed due to the lower

transfection efficiency of the NLS-Cten construct. Additionally, the level of

123



3 Investigating the Role of Cten in the Nucleus

nuclear Cten in each experiment was not known. Experiments performed
using the NLS tag may have benefited from cell fractionation to assess
Cten localisation rather the immunoblotting the total cell lysate, to allow
better interpretation of the results. However, it appears that the NLS tag
did target Cten to the nucleus and unequivocally this altered cell function
(when compared to wt. Cten) although the mechanism of this remains to

be further investigated.

Although forcibly expressing Cten in the nucleus provides a way of
investigating the role of Cten in this localisation, the NLS tag is not
endogenous to Cten. Once mechanisms of Cten activity have been
identified, these should be validated with experiments investigating

endogenous Cten in the nucleus.

As others have shown, it was confirmed that Cten does bind to B-catenin
and this binding was mapped to the N-terminus of Cten (Liao et al.,
2009). Further work is needed to confirm that the Cten does not bind to
the C terminus, as binding could be mediated via both regions and further
work could also narrow down the binding region in Cten, which was not
completed due to time constraints. Other focal adhesion localised proteins
have been reported to translocate to the nucleus and act as transcriptional
co-regulators (Sen et al., 2012). It was hypothesised that Cten binding
could act to retain B-catenin in the nucleus thereby sustaining B-catenin
transcriptional activity. The B-catenin reporter assay revealed that there
were no changes in transcriptional activity following Cten transfection. B-
catenin activity is however already high in HCT116 cells due to the deletion
of a critical serine residue and it is possible that forced expression of Cten
could not further increase this (Ilyas et al., 1997). Further experiments

could investigate this relationship using alternative cells lines or assays.
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Nuclear localised Cten did not increase B-catenin expression however, as
mentioned there were issues with the expression and targeting of the NLS-
Cten construct which may compromise this due to Cten being much more
weakly expressed. It must also be noted that B-catenin signalling is not
mutated in RKO cells yet increases in colony formation by nuclear Cten are
seen in both HCT116 and RKO cell lines. It is possible that even though
the transfection efficiency is lower in RKO, since RKO does not have
stabilised B-catenin, the forced expression of NLS-Cten has a more marked

effect than in HCT116.

There remain further points to address regarding the nuclear localisation of
Cten. Firstly, Cten does not appear to contain a NLS and therefore it would
be of interest to determine how Cten gets to the nucleus and whether it is
co-transported along with any other proteins. It would also be interesting
to determine whether Cten shuttles between the nuclear and cytoplasmic
compartments by using inhibitors of the nuclear import and export
processes. It would also be of interest to determine whether Cten forms
part of a large complex in the nucleus and binds other proteins in the

nucleus which might give further clues to its role in this localisation.

Despite not identifying downstream targets of forced expression in the
nucleus, the expression profiling did identify a number of novel
downstream targets on wt. Cten. These were involved in a number of
cellular processes. Before proceeding with further investigation into these
signalling pathways, validation of expression profiling results by gPCR and

confirmation of expression changes at the protein level is required.

Others have shown Cten localisation in colon tumour tissue and this was

here confirmed in a limited tumour set (Albasri et al., 2011a). However
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expression was not associated with the clinicopathological status of this
data set. There was no difference between the prevalence of Cten in the
nucleus in the normal colon and the colorectal tumours. Previously nuclear
Cten expression was upregulated in liver metastasis compared to the
primary tumour (Albasri et al., 2011a). It is possible that increased nuclear
Cten expression is associated with metastasis but not the primary tumour.
Membrane expression of Cten was observed which has not been previously
reported. However, Cten is localised at focal adhesions and it's possible
that Cten localises to membrane junctions. Limitations of this experiment
that may account for the discrepancies seen with previously published data
include the limited size of the data set and that the scoring was not verified
by a pathologist. Additionally, as during construction of the TMA, cores
were taken from 3 different areas of the tumour, this may weaken any

overall effect if Cten is only localised to a specific region of the tumour.

In conclusion, investigations have demonstrated that Cten has enhanced
colony formation and migratory capabilities when targeted to the nucleus
and although Cten does bind to B-catenin in this compartment, it has not
been ascertained that Cten signalling to B-catenin and the induction of CSC

pathways are responsible for this activity.
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4.1. Introduction

Cten is a potential biomarker in some cancers and in most tumour types it
appears to be an oncogene, particularly associated with advanced disease
(Sjoestroem et al., 2013, Albasri et al., 2011a, Albasri et al., 2011b, Lo,
2014). To date, no mutations of Cten have been documented, making it
plausible that Cten is upregulated through the activation of upstream
signalling pathways. Relatively little is known about the regulation of Cten
however it is important that pathways that increase cell migration and

consequently promote cancer metastasis are identified.

Previously, others have shown in breast cell lines that Cten is regulated by
the EGFR signalling pathway. Stimulation of EGFR signalling caused an
upregulation of Cten levels and this was associated with a Tensin switch,
whereby Tensin 3 expression was simultaneously reduced. It was proposed
that the upregulation of Cten by EGF displaced Tensin 3 from integrin
binding sites at focal adhesions. When Tensin 3 is bound to integrins it also
binds to the actin cytoskeleton. As Cten lacks the actin binding domain,
actin structural rearrangements occur, focal adhesions are detached from
the actin cytoskeleton which in turn promotes cell motility (Katz et al.,
2007). In support of this, a further publication linked this Tensin switch
activity to differential binding of Cten and Tensin3 to downstream DLC1, a
tumour suppressor which regulates cell migration through a Rho-GAP
domain. Upregulation of Cten induced an auto-inhibitory mechanism in
DLC1, inhibiting its interaction with RhoA and preventing its tumour
suppressive activity. Consequently, downstream pathways promoting cell

migration were activated (Cao et al., 2012).
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The regulation of Cten was further investigated in both a malignant CRC
cell line and a non-malignant prostate cell line. Here Cten was found to be
upregulated by a number of growth factors and cytokines namely EGF,
FGF2, PDGF, NGF, IGF1, TGF-B IL-6 and IL-13. Cten has also been shown
to be under the regulation of Kras in colorectal and pancreatic cancer cell
lines and also regulated by Stat3 via IL-6 signalling (Hung et al., 2013,

Bennett et al., 2015).

Despite the identification of a number of upstream regulators, the
pathways that regulate Cten and how these cooperate are poorly
understood. It appears that EGFR-Kras signalling may be a common
mechanism however, Cten has been shown to be upregulated by EGFR
signalling in the KRAS mutant cell line SW480 (Hung et al., 2013).
Considering this, it is likely that signalling mechanisms are more complex
and Kras-independent mechanisms of Cten induction could exist. To
investigate this further, the regulation of Cten by EGFR and Kras signalling
was explored and additionally, whether this caused a Tensin switch in CRC

cell lines was investigated.
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4.2. Results

4.2.1. EGF Stimulation Upregulates Cten Expression

The regulation of Cten by EGFR signalling was firstly investigated. Four
CRC cell lines were selected based on their varying levels of Cten
expression and KRAS mutation status. These cell lines were stimulated
with EGF and the levels of Cten and Tensin 3 protein investigated (figure
4-1). Both SW480 and C32 cell lines initially express moderate levels of
Cten and following EGF stimulation show a dose-dependent increase in
Cten expression. Since SW480 harbours a KRAS mutation (G12V) and C32
is wt. for both KRAS and BRAF, the effect of EGF stimulation on Cten
expression appears to be independent of KRAS mutation status. RKO cells
do not express any detectable levels of endogenous Cten and although wt.
for KRAS, RKO cells harbour a BRAF mutation (V600E). It was
hypothesised that stimulation of RKO cells with EGF may induce Cten
expression however, this was not the case. EGF stimulation was next
investigated in a high Cten expressing cell line. SW620 cells are derived
from the same patient as SW480 cells. Whilst SW480 are derived from the
primary tumour, SW620 cells are derived from the metastatic tumour and
display higher expression of endogenous Cten. Similar to SW480, SW620
cells harbour a mutation in the KRAS gene (G12V). Initially, under low EGF
concentration conditions, Cten expression was increased however,
stimulation with high concentrations of EGF caused a decrease in Cten
expression. The data suggests that Cten expression is induced by EGFR
signalling however, when Cten expression is high, expression cannot be
further induced. It is possible that negative feedback mechanisms apply to
prevent further Cten upregulation. Furthermore, the upregulation of Cten

by EGFR signalling appears to be independent of KRAS mutation status.
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EGFR signalling regulates Cten at the protein level. Next, to determine
whether EGFR signalling is regulating CTEN at a transcriptional level, gRT-
PCR was performed following stimulation with EGF (figure 4-2). In SW480,
SW620 and C32 cell lines, CTEN mRNA levels remained consistent
following stimulation. This suggests that EGFR signalling regulates Cten at

the protein level only.

To investigate whether a Tensin switch process occurs in CRC, the levels of
Tensin 3 protein and mRNA were investigated (figure 4-1 and 4-2). There
was no consistent pattern of Tensin 3 protein expression following EGF
stimulation but often, the expression reflected the changes in Cten
expression. As with CTEN, the levels of TENSIN 3 mRNA did not respond to
EGF stimulation. It would therefore seem that there is no Tensin switch in

these CRC cell lines investigated.
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Figure 4-1: The regulation of Cten and Tensin 3 protein by EGFR
signalling. SW480, SW620, RKO and C32 cell lines were stimulated with
EGF (0-80 ng/ml) and the changes in Cten and Tensin 3 protein expression
were determined by western blotting (C32 and SW480 n=2, SW620 result

is representative of 2 experiments, RKO n=1).
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Figure 4-2: EGFR signalling does not regulate the transcription of CTEN
and TENSIN 3. CTEN and TENSIN 3 mRNA expression levels were
determined by gRT-PCR. In SW480, C32 and SW620 cell lines, CTEN and
TENSIN 3 expression remained consistent following EGF stimulation (0-80

ng/ml) (all p>0.05, one-way ANOVA, n=3).
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4.2.2. Kras Regulates Cten and Tensin 3 Expression

Cten has previously been shown to be regulated by Kras-Braf signalling
(Al-Ghamdi et al., 2011). To confirm these findings, and additionally, to
extend this to Tensin 3 signalling, Kras expression was manipulated in
SW620 and DLD1 cell lines, which both harbour KRAS activating mutations
(G12V and G13D respectively) and high levels of Cten expression.
Corroborating with earlier findings, siRNA mediated knockdown of Kras was
associated with reduced Cten expression in both DLD1 and SW620 (figure
4-3). Additionally, knockdown of Kras was also associated with a reduction

in Tensin 3 protein.

At the mRNA level, knockdown of Kras led to a reduction in CTEN
expression suggesting that whilst EGFR signalling regulates Cten at the
protein level, Kras signalling regulates CTEN at the transcriptional level.
Knockdown of Kras was associated with an increase in TENSIN 3 mRNA but
a decrease at the protein level suggesting that post-transcriptional
regulation of Tensin 3 may exist. Overall however, a Tensin switch did not

occur through Kras signalling.
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Figure 4-3: Cten and Tensin 3 are regulated by Kras. A) Knockdown of
Kras in DLD1 and SW620 led to a reduction of Cten and Tensin 3 protein
expression. Results are representative of at least 2 experimental
replicates. (B) The knockdown of Kras was associated with a reduction of
CTEN mRNA expression in DLD1 (p=0.0004) and SW620 (p=0.0003) cell
lines. An increase in TENSIN 3 mRNA expression was observed in DLD1

(p<0.0001) and SW620 (p=0.0033) cell lines (unpaired t-test, n=3).
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4.2.3. Cten Regulates Tensin 3 Expression

Following the manipulation of EGFR and Kras signalling, the expression of
Tensin 3 protein often reflected the changes in Cten protein expression and
it is therefore possible that they could be regulated in the same pathway.
To investigate this, the levels of Cten expression were manipulated.
Knockdown of Cten using siRNA was optimised in SW620 cells as this cell
line expresses high endogenous levels of Cten (figure 4-4). A condition in
which 100 nM of Cten targeting siRNA was transfected together with 10 pl
of Lipofectamine 2000 was considered optimal. Following this, forced
expression of Cten in HCT116 and knockdown using siRNA in SW620 cells
was performed and the levels of Tensin 3 protein expression were
determined (figure 4-5). Tensin 3 protein expression increased on forced
expression of Cten and was reduced following Cten knockdown. Taken
together, it appears that Cten positively regulates Tensin 3 protein

expression.
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Figure 4-4: The optimisation of Cten knockdown. The knockdown of Cten
using Cten targeting siRNA duplexes was optimised in SW620 cells. A
transfection condition using 100 nM of siRNA together with 10 ul of

Lipofectamine 2000 was considered optimal.
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Figure 4-5: Cten regulates Tensin 3 expression. Forced expression of Cten
in HCT116 increased Tensin 3 expression. Knockdown of Cten in SW620
cells was associated with a decrease in Tensin 3 protein. Image

representative at of least 2 experimental replicates.

4.2.4. Cten Stabilises Tensin 3 Protein

As Cten positively regulated Tensin 3 protein, the ability of Cten to
increase Tensin 3 protein stability was investigated. CHX inhibits protein
synthesis by stopping the elongation of the peptide during translation. CHX
was added to HCT116 cells following Cten or empty vector transfection and
changes in Tensin 3 protein expression were investigated (figure 4-6). The
results did indeed show that Tensin 3 protein is stabilised following Cten
transfection when compared to cells transfected with the empty vector
control. Following transfection of Cten, Tensin 3 protein is still expressed
at 16 hours whereas Tensin 3 protein in the empty vector transfected cells

has diminished after 4 hours.
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Figure 4-6: Cten increases Tensin 3 protein stability. A) Tensin 3 protein
was stabilised for much longer in HCT116 cells expressing Cten following
treatment with CHX compared to HCT116 cells that did not express Cten.
Image representative of at least 2 experimental replicates. B) The Tensin 3
decay curve following treatment with CHX. Tensin 3 protein expression was

normalised to actin and then normalised to the 0 hour time point.
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4.2.5.DLC1 may not Contribute to Colorectal Cancer Metastasis

The Tensin switch between Cten and Tensin 3 has been shown to cause
changes in cell migration through the activity of DLC1 in breast cell lines
(Cao et al., 2012). As the results in CRC suggest that a Tensin switch does
not occur and in fact Cten stabilises Tensin 3, it was of interest to
determine whether Cten still signals to DLC1 to promote cell migration.
Seventeen colorectal cell lines were screened for the expression of DLCI
mMRNA, of these, RKO, C32 and CACO2 had the highest expression (figure
4-7). To investigate whether this expression was detectable at the protein
level these 3 cell lines, in addition to HCT116, LOVO, SW480 and SW620
were subject to western blot analysis. Only RKO expressed detectable
levels of DLC1 at the protein level. As the majority of the cell lines
investigated did not express DLC1, it was reasoned that Cten signalling to

DLC1 may not play a prominent role in colonic tissue.

DLC1 maps to chromosome 8p22, a region that frequently undergoes loss
of heterozygosity (LOH) in CRC. The SAGE profiles for DLC1, accessed
through Unigene (NCBI), shows that there is low level DLC1 expression in
the intestine and even lower level expression in the tumour thus

corroborating the findings that DLC1 is not highly expressed in CRC.
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Figure 4-7: DLC1 is not widely expressed in CRC cell lines. A) The mRNA
expression of DLC1 in a series of colorectal cell lines. Results were
normalised to SKCO1, the lowest DLC1 expressing cell line. B) DLC1
protein expression in colorectal cell lines. Only RKO expressed a detectable

level of DLC1 protein.
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Tissue Transcript/ Spot intensity Gene EST/Total
million (TPM) based on TPM EST in the pool
adipose tissue 621 - 8 / 12866
adrenal gland 60 L 2 / 32940
Ascites 0 / 39834
Bladder 0 / 29860
Blood 0 / 122252
Bone 139 - 10 / 71618
bone marrow 61 -» 3 / 48737
Brain 47 D 52 / 1092688
Cervix 0 0 / 48486
connective tissue 147 - 22 / 149072
Ear 186 - 3 / 16100
embryonic tissue 117 - 25 / 212896
Eye 86 - 18 / 208840
Heart 189 - 17 / 89524
Intestine 25 L 6 / 231981
Kidney 47 L 4 10 / 210778
Larynx 42 L 1 / 23466
Liver 58 o 12/ 205291
Lung 173 - 58 / 334815
Lymph 0 0 / 44302
lymph node 0 0 / 89748
mammary gland 52 D 8 / 151230
Mouth 0 0 / 66150
Muscle 65 - 7 / 106371
Nerve 128 - 2 / 15535
oesophagus 0 0 / 20154
Ovary 19 2 / 101488
pancreas 32 L 7 / 213440
parathyroid 0 0 / 20594
Pharynx 49 * 2 / 40725
pituitary gland 0 0 / 16526
Placenta 56 «® 16 / 283019
Prostate 26 L 5 / 189536
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salivary gland
Skin

Spleen
Stomach
Testis
Thymus
Thyroid

Tonsil
Trachea
umbilical cord
Uterus

Vascular

123
93
41
82
25
128

154
0
77
212

11

/
/
/
/
/
/
/
/
/
/
/
/

20265
210759
53397
95679
435204
79697
46583
17021
51780
13764
232093
51649

Table 4-1: The expression of DLC1 by EST in normal body tissues

(Unigene).
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Tumour Transcript/ Spot intensity

million (TPM) based on TPM Gene EST/Total

EST in the pool

adrenal tumour 0 0 / 12655
bladder carcinoma 0 0 / 17584
breast tumour 21 2 / 93090
cervical tumour 0 0 / 34484
chondrosarcoma 229 - 19 / 82838
colorectal tumour 8 / 112517
gastrointestinal 33 L 4 / 118498
tumour
germ cell tumour 34 - 9 / 263230
Glioma 37 L 4 / 107194
head and neck 44 ® / 133826
tumour
kidney tumour 43 L 3 / 68872
leukaemia 0 0 / 94479
liver tumour 93 - 9 / 96023
lung tumour 0 0 / 102765
lymphoma 0 0 / 72196
non-neoplasia 51 L 5 / 96623
Normal 89 - 29 / 3328811
8
oesophageal 0 0 / 17245
tumour
ovarian tumour 26 - 2 / 76185
pancreatic tumour 19 2 / 105004
primitive 39 » 5 / 127001
neuroectodermal
tumour
prostate cancer 28 L 3 / 103844
retinoblastoma 21 1 / 46439
skin tumour 79 - 10 / 125373
soft tissue/muscle 31 L 4 / 125265

tissue tumour
uterine tumour 33 L 3 / 90107

Table 4-2: Gene expression of DLC1 by EST in tumours (Unigene).
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4.2.6. Tensin 3 Expression in Colorectal Cancer Tissue

The role of Tensin 3 in cancer is currently debated and the expression of
Tensin 3 protein in CRC tissue has yet to be determined. Staining for
Tensin 3 in 83 cases (1 core case could not be analysed) of CRC was
performed (see 3.2.6). Following initial optimisation in kidney tissue,
selected as it is a moderate expresser of Cten and due to tissue
availability, the determined antibody concentration was then used for
optimisation in colon tissue (figure 4-8). An antibody dilution of 1:200 was
selected as it gave a good intensity of staining and showed variability

between different colon tissues.

Following optimisation, the colon TMA was subject to staining for Tensin 3
(figure 4-9). Tensin 3 expression was localised to the cytoplasm which is
consistent with its localisation at focal adhesions. Of the 83 tumour cases
stained 81 (98%) were positive for cytoplasmic Tensin 3 staining.
Surprisingly, Tensin 3 was also localised to the nucleus. Nuclear
localisation of Tensin 3 was present in 15/83 (18%) tumour cases stained.
Tensin 3 positivity in the normal colon was present in 42/49 (86%) and
0/49 (0%) cases for cytoplasmic and nuclear localisations respectively
(some normal colon cores were unsuitable for analysis). The Wilcoxon
signed ranks test was used to test for significant differences in Tensin 3
expression in the normal colon and tumour. Although there were a greater
number of positive cases in the tumour than normal colon, cytoplasmic
Tensin 3 staining was not significantly greater in the tumour compared to
normal colon (p=0.831). Nuclear Tensin 3 staining was however greater in
the tumour compared to the normal colon (p=0.003). Tensin 3 positivity
was also detected in the stroma. The Chi squared test was used to test for

associations between Tensin 3 staining and the clinical features. Tensin 3
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expression was not associated with tumour grade, tumour stage, nodal
stage, Dukes stage, vascular invasion, resection margin or lymph node
status (table 4-3). Additionally, Tensin 3 expression did not correlate with
Cten staining as determined by the Spearman’s rank statistical test (figure

4-9 and table 4-4).

Figure 4-8: Optimisation of Tensin 3 IHC antibody staining. A) Tensin 3
staining of colon tissue with antibody concentrations of 1:300 B) and
1:200. C) Colon tissue was incubated in absence of primary antibody as a
negative control. D) Colon tissue was probed for B2-microglobulin as a

positive control

146



4. Investigating the Tensin Switch in Colorectal Cancer

Figure 4-9: Tensin 3 staining of colorectal tumours. A) Tensin 3 staining

was mainly localised to the cytoplasm. B) Nuclear Tensin 3 was observed

in some of the TMA cores.
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Cytoplasmic Staining

Nuclear Staining

Parameter Low High P Low High p
Tumour 0.683 0.475
Grade
1 0 2 1 1
2 36 40 57 19
3 2 3 3 2
Tumour 0.454 0.154
Stage
1 2 1 2 1
2 3 9 10 2
3 22 23 29 16
4 11 12 20 3
Nodal Stage 0.787 0.922
0 24 28 39 13
1 10 14 17 7
2 4 3 5 2
Vascular 0.751 0.483
Invasion
0 21 21 30 12
1 16 23 30 9
2 1 1 1 1
Dukes Stage 0.343 0.399
A 4 9 11 2
B 19 18 27 10
C1 11 17 18 10
Cc2 3 1 4 0
Lymph 1.000 0.798
Nodes
0 24 28 39 13
1+ 14 17 22 9
Resection 0.598 0.559
margin
Free 36 42 56 22
Involved 2 1 3 0

Table 4-3: Association of Tensin 3 staining of the colorectal tumours and

the clinicopathological features (chi-squared statistical test applied).
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Figure 4-10: The correlation of Cten and Tensin 3 staining. A) The graphs
display the correlations of cytoplasmic Cten and cytoplasmic Tensin 3 H
score, B) cytoplasmic Cten and nuclear Tensin 3 H score, C) nuclear Cten
and cytoplasmic Tensin 3 H score, D) nuclear Cten and nuclear Tensin 3 H
score, E) membranous Cten and cytoplasmic Tensin 3 H score and F)

membranous Cten and nuclear Tensin 3 H score.
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Cytoplasm Cten Nuclear Cten Membranous

Staining Staining Cten Staining
Fs P Fs P Is P
Tensin 3
Cytoplasmic 0.156 0.160 0.030 0.786 -0.181 0.101
Staining
Tensin 3
Nuclear 0.073 0.514 0.001 0.991 0.008 0.944
Staining

Table 4-4: The correlation of Cten and Tensin 3 staining of colorectal

tumours (Spearman’s rank).
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4.3.Discussion

Cten expression is upregulated in tumour tissues however the knowledge
of mechanisms that regulate Cten expression are sparse (Albasri et al.,
2011b, Sasaki et al., 2003a, Sasaki et al., 2003b). It is here shown that
Cten is under the regulation of both EGFR and Kras signalling however no

Tensin switch occurs at the protein level in CRC cell lines.

Others have shown that Cten is regulated by EGFR signalling in breast cell
lines and it was of interest to determine whether this mechanism of
regulation also occurred in CRC (Katz et al., 2007). Stimulation with EGF
did indeed upregulate Cten expression but only at the protein level
whereas others have found that CTEN is upregulated by the EGFR at the
transcript level (Cao et al., 2012). Reasons for this discrepancy are not
known however, this was seen across multiple cell lines. It is possible that
transcriptional changes are not apparent at the longer EGF stimulation
periods here used. Additionally, previous experiments were performed in
non-tumourigenic cell lines derived from different tissues and it is possible
that different signalling pathways apply. Earlier reports that Cten was
regulated by Kras signalling were also confirmed (Al-Ghamdi et al., 2011).
Unexpectedly, Cten expression was upregulated by EGF stimulation in the
Kras mutant cell line SW480. If Kras was downstream of the EGFR with
regard to the regulation of Cten, this should not be the case as Kras
activity would already be high thus rendering signalling from the EGFR
ineffective. This suggests that the EGFR could also signal through a Kras
independent pathway to upregulate Cten, possibly through the JAK-Stat
pathway, as others have shown that Stat3 is another regulator of Cten
expression (Barbieri et al., 2010, Bennett et al., 2015). There are many

downstream targets of the EGFR which could possibly be upregulating Cten
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and this could be further investigated. In SW620, a cell line that expresses
high endogenous levels of Cten, expression was overall decreased on EGF
stimulation which suggests that negative feedback mechanisms may
prevent further upregulation of Cten. It was also found that EGF
stimulation could not induce Cten expression in those cell lines that did not
already express Cten. It is possible that epigenetic mechanisms may be
overriding the EGFR signalling pathway to prevent the expression of Cten

in these cell lines and this remains to be investigated.

In addition to investigating possible regulators of Cten, regulators of Tensin
3 were also determined, to investigate whether a Tensin switch occurred in
CRC, and this was shown not to occur. The knockdown of Kras did cause
differential regulation of Cten and Tensin 3 at the mRNA level however this
did not translate to the protein level. Only approximately 40% of
transcriptional data translates to protein as many post transcriptional
regulatory mechanisms exist, including the regulation of protein synthesis
and protein degradation (Vogel and Marcotte, 2012). This is the first report

of Tensin 3 regulation by Kras.

Tensins 1 and 2 in breast cell lines were unaffected by EGF stimulation
however since in CRC the Tensin switch did not occur through Tensin 3,
and as Tensin 1 and Tensin 2 have a similar domain structure to Tensin 3,
it would be of interest to see if these were affected by EGFR signalling in
CRC (Cao et al., 2012). Despite levels of Tensin 3 increasing through EGFR
signalling, it may still be of interest to determine which Tensin member is
bound to Integrins following pathway activation. It is possible that Cten
and Tensin 3 compete for Integrin binding regardless of total protein

levels. However, together with the fact that DLC1 expression is often lost
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in CRC, it is likely that Cten does not promote cell migration through the
Tensin switch as was shown to be the case in breast cell lines (Cao et al.,
2012). It is possible that the mechanisms of Cten regulation and
downstream signalling are tissue specific. It should be noted that as Kras
regulates Tensin3 at the mRNA level yet stimulation with EGF does not see
a change in Tensin3 mMRNA this suggests that Kras-independent

mechanisms of Tensin 3 EGFR regulation could also exist.

Further to finding an absence of a Tensin switch in CRC cell lines, Cten was
shown to positively regulate Tensin 3 expression. It is not known whether
this interaction is functionally relevant, this remains to be investigated. The
role on Tensin 3 in cancer is debated with both oncogenic and tumour
suppressive activity reported. Prior to the identification of a Tensin switch
in breast cell lines, others showed that stimulation with EGF did not cause
a decrease in Tensin 3 protein expression but did increase Tensin 3
phosphorylation and this activity was via Src family kinase (Cui et al.,
2004). EGF also caused dissociation of Tensin 3 from FAK and
dephosporylation of FAK has been shown to promote cell migration
however, a defined role for Tensin 3 is yet to be demonstrated in CRC (Cui
et al., 2004, Lu et al., 2001). Analysis of microarray expression data
revealed a downregulation of Tensin 3 in CRC. In a separate study the
expression profiles of SW480 and SW620 were compared (GSE1323).
Tensin 3 expression was upregulated in SW620 and since this cell lines is
derived from the metastatic tumour, it is possible that Tensin 3 could play
a role in metastasis (Muharram et al., 2014, Provenzani et al., 2006).
However we have shown that in CRC, Tensin 3 mRNA and protein levels do
not correlate and analysis of Tensin 3 expression at the protein level was

required. Analysis of 83 cases of CRC revealed that in addition to a
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cytoplasmic localisation, Tensin 3 also localises to the nucleus and nuclear
localisation was more prevalent in the tumour than the normal colon. This
is the first report of Tensin 3 in the nucleus and this finding should be
further investigated to ensure that this is not due to poor antibody
specificity. Despite showing that Cten stabilises Tensin 3 in vitro, Cten
staining of colorectal tumours did not correlate with staining for Tensin 3.
The reasons for this may lie at the experimental level; the study may
benefit from a larger sample size and scoring verification by a pathologist.
Additionally as previously mentioned, cores were taken from 3 different
regions of the tumour in the construction of the TMA, This may dilute the
score if Tensin 3 is only expressed in a particular area of the tumour. At
the biological level, it is likely that many other pathways also regulate
Tensin 3 in vivo, including interactions with the ECM, and it is the interplay
between these pathways that regulate the overall Tensin 3 expression.
Other pathways could compensate for the upregulation of Tensin 3 by

Cten.

It can be concluded that mechanisms of Cten migration are complex and
most likely tissue dependant. A Tensin switch does not occur in CRC and it
is probable that the EGFR does not signal through Kras to upregulate Cten
but these are independent events. Since in CRC the Tensin switch does not
explain increased cell motility function by Cten, further signalling

mechanisms need to be explored.
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5.1. Introduction

Cten plays a role in cancer progression, particularly in metastatic disease
and it is thought that Cten achieves this by increasing cell migration and
invasion. This has been demonstrated by in vitro studies using cell lines
derived from colon, pancreas, lung, and breast tumours in addition to
untransformed cell lines derived from breast tissue (Al-Ghamdi et al.,
2011, Bennett et al., 2015, Cao et al.,, 2012, Katz et al., 2007).
Investigations of Cten’s role in promoting cell motility in vivo are sparse
although Cten transfected cells were found to give larger metastatic
deposits in mice (Albasri et al., 2011a). Further to this, Cten expression in
colon and breast tumours was associated with metastatic disease which
supports the notion Cten is increasing cell motility (Albasri et al., 2011a,

Albasri et al., 2011b).

It is now of interest to determine how Cten promotes motility and so far
only a small number of Cten downstream targets have been identified.
Since in the colon, it is likely that Cten doesn’t increase cell motility via the
Tensin switch mechanism, other pathways downstream of Cten responsible
for Cten induced cell motility are sought (Thorpe et al., 2015). In the
colon, Cten does signal to focal adhesion localised proteins ILK and FAK
which are known to regulate cell motility. (Albasri et al., 2011a, Al-Ghamdi
et al., 2013) Additionally Cten downregulates E-cadherin; downregulation
of this gene is a hallmark characteristic of EMT (Albasri et al., 2009).
Further pathway elucidation and mechanistic details regarding Cten

mediated cell migration in CRC is warranted.

EMT is a process whereby epithelial cells acquire a mesenchymal cell

phenotype to allow cell migration and invasion and is a process native to
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embryonic development, wound healing and of interest here, cancer
metastasis. Epithelial cells usually have fixed sheet-like structures held
together by cell to cell junctions. The main feature of EMT is the
downregulation of adherens junction marker E-cadherin thus allowing the
breakdown of cell-cell attachment (Cano et al., 2000). EMT may involve
the downregulation of other junctional markers including Claudins, ZO1
and Occludin further promoting cell detachment allowing the cell to escape
from the primary site. Simultaneous to the loss of epithelial markers,
during EMT, the cell epithelium acquires expression of a host of
mesenchymal cell markers including N-cadherin and Vimentin (Lamouille et
al., 2014). These proteins provide key molecular markers to
experimentally investigate EMT processes. Additionally transcription factors
that regulate these expression changes are also markers of EMT and
include Zeb, Twist and Snail. Snail is a zinc finger transcription factor that
regulates transcription through binding E box sequences in the promoter
regions of target genes. Snail acts to repress epithelial genes whilst
activating mesenchymal genes thereby facilitating cell invasion and
migration (Lamouille et al., 2014). E-cadherin is a well described target of

Snail signalling (Cano et al., 2000).

Since Cten regulates E-cadherin, and additionally Cten regulates ILK and
FAK that have also been linked to EMT processes, it was hypothesised that
Cten may be increasing cell motility through the targeting of EMT pathways
(Tan et al., 2001, Cicchini et al., 2008). The ability of Cten to regulate EMT
processes and the functional relevance of this was investigated in this

chapter.
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5.2. Results

5.2.1. Cten Promotes Changes associated with EMT

To investigate Cten’s role in EMT, Cten (or the empty vector control) was
forcibly expressed in HCT116 and Caco-2 cell lines, neither of which
express any detectable levels of endogenous Cten, and the protein
expression of a panel of EMT markers was determined (figure 5-1).
Confirming earlier reports, forced expression of Cten was associated with a
decrease in E-cadherin expression, although only a small change was
observed (Albasri et al., 2009). Snail expression increased in both HCT116
and Caco-2 cell lines following transfection of the Cten expression
construct when compared to the empty vector control transfected cells.
Although Snail protein was clearly increased on Cten expression, this did
not reach significance at the protein level due to the variation of the
increased level of expression on replicate western blots. There was
however a clear trend of Snail protein induction. Levels of N-cadherin, the
mesenchymal adherens junction marker although induced slightly in Caco-
2, generally remained consistent following forced expression of Cten.
Vimentin expression was also investigated but found not to be expressed in
either of these cell lines. To validate that these observations are not
experiment or cell line specific, Cten was knocked down in SW620 using
Cten targeting siRNA duplexes and western blotting was again performed
to look at the changes in expression of proteins associated with EMT
(figure 5-2). Confirming the Cten forced expression results, knockdown of
Cten was associated with a decrease in Snail protein expression.
Additionally, Cten knockdown was associated with an increase in E-
cadherin expression and N-cadherin and Vimentin remained unchanged

from the luciferase targeting control.
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Figure 5-1: Cten forced expression induces changes associated with EMT.
Forced expression of Cten in HCT116 and Caco-2 cell lines was associated
with a slight decrease in E-cadherin protein expression (n=2) and an
increase in Snail expression (p=0.3206, n=3, unpaired t-test). N-cadherin

expression was not consistently altered (n=2).
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Figure 5-2: Cten promotes changes associated with EMT. Knockdown of
Cten in SW620 cells was associated with an increase in E-cadherin protein
expression (n=2) and a decrease in Snail expression (n=2). N-cadherin

and Vimentin remained unchanged (n=1).
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Cten expression results in a decrease in E-cadherin expression and
increase in Snail expression, both of which are molecular changes
associated with EMT to enable detachment from the substratum. As a
consequence of these molecular changes, during EMT cells may also adopt
morphological changes to assist cell invasion and migration. To investigate
whether Cten was associated with a change in cell morphology, HCT116
cells were stained with fluorescently labelled phalloidin which targets the
actin cytoskeleton, thus allowing changes in cell morphology to be
observed (figure 5-3). In the control cells transfected with the empty
vector, HCT116 cells had a rounded appearance and were tightly clustered
together. Phalloidin staining was mainly present around the cell periphery.
Cten transfected cells generally appeared to be more scattered and less
adhered to surrounding cells. However, there were some cells not
transfected with Cten that also showed a similar morphology. This shows
that in addition to the molecular changes observed, Cten may also induce
cell morphological changes associated with EMT however, further study is

required.
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Figure 5-3: Assessment of cell morphology. Cten transfected HCT116 cells

were more loosely arranged than empty vector transfected cells.
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5.2.2. Cten Stabilises Snail Protein Expression

It has been demonstrated that Cten regulates Snail protein expression,
next it was of interest to determine the mechanistic detail of this pathway.
It is possible that Cten is regulating Snail at a transcription or protein level,
or both. To investigate this, Cten was forcibly expressed in HCT116 cells
and gRT-PCR performed to quantify changes in SNAIL mRNA (figure 5-4).
SNAIL message level remained consistent following the expression of Cten
compared to the empty vector control. This suggests that Cten regulates
Snail at the protein level only. It is possible that Cten regulates the rate at
which Snail protein is translated following transcription, or it could prevent
the degradation of Snail protein. To investigate this, Cten was again
transfected into HCT116 cells and following this, cells were treated with
CHX, an inhibitor of protein translation (figure 5-5). Inhibiting translation
allows the tracking of protein degradation since no new protein is being
synthesised. In the control cells, Snail protein had mostly been degraded
after 1 hour. In Cten expressing HCT116 cells, Snail protein is stabilised for
2 hours, suggesting that Cten acts to prevent the degradation of Snail

protein.

Cten and Snail localise to both the cytoplasm and nucleus and therefore it's
possible that that these 2 proteins form part of a complex which prevents
Snail degradation. A co-IP was performed to investigate binding
interactions (figure 5-6). In this experiment, Cten did not
immunoprecipitate with Snail which implied that these 2 proteins do not

physically interact.
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Figure 5-4: Cten does not regulate SNAIL at a transcriptional level.
SNAIL mRNA was unchanged following transfection of Cten in HCT116 cells
compared to empty vector control transfected cells (P=0.5730) (unpaired

t-test, n=3).
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Figure 5-5: Cten stabilises Snail protein. A) Following the treatment of
HCT116 cells with CHX, Snail protein was stabilised for longer in Cten
transfected HCT116 cells compared to empty vector transfected cells.
Image is representative of 2 experimental replicates. B) The Snail decay
curve following treatment with CHX. Snail protein expression was

normalised to Actin and then normalised to the 0 hour time point.
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Figure 5-6: Cten does not co-immunoprecipitate with Snail. Endogenous

Cten does not co-immunoprecipitate with Snail in SW620 cells.

5.2.3. Cten does not Signal through FAK to Stabilise Snail

Cten increases Snail protein stability, next it is of interest to determine
how Cten elicits this activity. Cten signals downstream to focal adhesion
localised protein FAK and since FAK is linked to EMT, it was hypothesised
that it could be a signalling intermediate in the Cten-Snail pathway
(Cicchini et al., 2008). To investigate this, overexpression of Cten in
HCT116 cells was investigated together with knockdown of FAK to
interrogate Snail signalling. Transfection of the Cten expression construct
was optimised previously (see 4.2.3). siRNA duplexes targeting FAK were

first optimised using 50-200 nM of siRNA together with 5-10 pl of
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Lipofectamine 2000 (figure 5-7). The condition that gave the greatest
knockdown of FAK protein was considered optimal. Transfection of 50 nM
of siRNA together with 5 pl of Lipofectamine 2000 gave the greatest
reduction in FAK protein. This condition was considered optimal for future

transfection experiments.

Following optimisation, Cten was forcibly expressed in HCT116 cells and
FAK subsequently knocked down (figure 5-8). Knockdown of FAK was
associated with a reduction in Snail protein expression and forced
expression of Cten was associated with a small increase in Snail protein.
Forced expression of Cten however was not associated with an increase in
FAK expression. In this experiment is seems that Cten is not regulating
FAK. It is therefore unlikely that Cten is signalling to Snail through FAK.
Further repeats of this experiment are required before firm conclusions can

be drawn.

167



5. The stabilisation of Snail by Cten Increases Cell Tumourigenicity

5ul Lipofectamine 50 nM siRNA
5ul Lipofectamine 100 nM siRNA
5ul Lipofectamine 200 nM siRNA
10pl Lipofectamine 50 nM siRNA
10pl Lipofectamine 100 nM siRNA
10pl Lipofectamine 200 nM siRNA

Luciferase

FAK

s — 120 kDa

Actin —--—- — 42 kDa
HCT116

Figure 5-7: The optimisation of FAK knockdown. The knockdown of FAK
using siRNA duplexes was optimised in HCT116. Transfection of 50 nM of

SIRNA together with 5 ul of Lipofectamine 2000 was considered optimal.
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Figure 5-8: Cten may not regulate Snail through FAK signalling. Forced
expression of Cten induced Snail protein expression and this was reduced

on knockdown of FAK, but Cten did not induce FAK expression (n=1).
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5.2.4. Cten Regulates Cell Function by Signalling to Snail

Snail has been identified as a downstream target of Cten signalling, next it
was of interest to determine whether this signalling axis was functionally
relevant. To investigate this, it was necessary to forcibly express Cten in
low expressing cell line HCT116 followed by knockdown of Snail and the
changes in cell function assessed. The knockdown of Snail using siRNA in
HCT116 cells was first optimised (figure 5-9). Snail targeting siRNA
duplexes were transfected at a concentration range of 50-200 nM together
with 10 pl of Lipofectamine 2000. The optimal condition giving the greatest
reduction in Snail protein was by using 100 nM siRNA together with 10 pl
Lipofectamine. This transfection condition was used for subsequent Snail

knockdown experiments.
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Figure 5-9: The optimisation of Snail knockdown. Cells were transfected
with a final concentration of 50, 100 or 200 nM of Snail siRNA together
with 10 ul of Lipofectamine 2000. Control cells transfected with 200 nM of

Luciferase siRNA together with 10 ul of Lipofectamine.
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Both Cten and Snail play roles in regulating cell invasion and migration.
Since Cten regulates Snail, it is possible that Cten signals through Snail to
increase both of these cell functions. To investigate this hypothesis, Cten
was forcibly expressed in HCT116 cells together with knockdown of Snail
expression (figure 5-10). The ability of Cten to regulate cell migration was
investigated using the Transwell migration assay. Forced expression of
Cten in HCT116 was associated with an increase in cell migration however
when Snail was subsequently knocked down, this increase in cell migration
was lost. This implies that Cten regulates cell motility via Snail signalling.
The Transwell invasion assay, which is similar to the Transwell migration
assay with the exception that the cells must migrate through a layer of
basement membrane extract, was next performed. Forced expression of
Cten in HCT116 cells resulted in an increase in cell migration compared to
the empty vector and luciferase transfected control cells. The number of
invading cells was reduced with subsequent knockdown of Snail,
suggesting that Cten and Snail regulate cell invasion by signalling through
the same pathway. As an in vitro method to assess cell tumourigenicity,
the colony formation assay was next performed. The forced expression of
Cten in HCT116 cells increased colony formation efficiency and this was
lost when Cten was forcibly expressed together with Snail targeting siRNA.
These results indicate that Cten could signal through Snail to regulate cell

migration, invasion and colony formation efficiency.
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Figure 5-10: Cten signals through Snail to increase cell function. A)
Simultaneous forced expression of Cten and siRNA mediated Snail
knockdown. B) Forced expression of Cten in HCT116 increased cell
migration (p=0.0110) which was lost with subsequent Snail knockdown
(p<0.0001). C) Forced expression of Cten increased cell invasion
(p=0.0289) which was lost on Snail knockdown (p=0.0001). D) Forced
expression of Cten was associated with an increase in colony formation
efficiency (p<0.0380) and this was reduced when Snail was subsequently

knocked down (p<0.0001) (one-way ANOVA).
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5.2.5. Snail Expression in Colorectal Cancer Tissue

The expression of Cten in colorectal tumours was previously investigated
and here, the expression of Snail was investigated in 84 cases of CRC
following antibody optimisation (see 3.2.6). Snail antibody staining was
first optimised in kidney tissue, selected as it expresses Snail and as the
availability of colon tissue for optimisation was lacking (figure 5-11). After
narrowing down the antibody concentration range, Snail optimisation was
performed in colon tissue. Antibody dilutions of 1:50 and 1:100 were used

with 1:50 giving a greater staining intensity.

Following antibody optimisation, the TMA was stained (figure 5-12). Snail
expression was localised to the cytoplasm in 81/84 (96%) of the tumours
and nuclear localisation was observed in 55/84 (65%) of the cases
(averaged over 3 cores). Staining in the cytoplasm was often granular in
appearance. In the normal colon, Snail expression was localised to the
cytoplasm in 39/44 (89%) of the cases and nuclear localisation was
observed in 12/44 (27%) of the cases (based on 1 core). The Wilcoxon
signed ranks test was used to test for significant differences in Snail
staining between the normal colon and tumour. The expression of Snail in
the nucleus was greater in colorectal tumours compared to the normal
colon (p=0.013) whilst cytoplasmic expression was greater in the normal
colon than the tumour (p=0.007). Snail staining was not associated with
tumour grade, tumour stage, nodal status, vascular invasion, lymph node
involvement, Dukes stage or resection margin as determined using the Chi
squared statistical test (table 5-1). The Spearman rank test revealed that
Snail staining did not correlate with staining for Cten (figure 5-12 and table

5-2).
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Figure 5-11: Optimisation of Snail IHC staining. A) Snail antiodiy staining
was optimised in colon tissue at using dilutions of 1:50 B) and 1:100. C)
Colon tissue was probed for B2-microglobulin as a positive control. D)

Colon tissue was incubated without antibody as a negative control.
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Figure 5-12: Snail staining of colorectal tumours. A) TMA cores of CRC
revealed strong, granular Snail staining of some cores localised to the

cytoplasm. B) Snail staining was also localised to the nucleus.
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Cytoplasmic Staining

Nuclear Staining

Parameter Low High P Low High p
Tumour 1.000 0.594
Grade
1 1 1 1 1
2 39 38 39 37
3 2 3 1 4
Tumour 0.206 0.544
Stage
1 0 3 2 1
2 8 4 8 4
3 24 22 21 24
4 10 13 10 13
Nodal Stage 0.695
0 25 28 27 25
1 14 10 12 12
2 3 4 2 5
Vascular 0.912 0.248
Invasion
0 22 20 23 18
1 19 21 18 22
2 1 1 0 2
Dukes Stage 0.683 0.111
A 6 7 9 4
B 19 19 17 20
C1 16 12 14 14
Cc2 1 3 0 4
Lymph 0.651 0.651
Nodes
0 25 28 27 25
1+ 17 14 14 17
Resection 1.000 0.616
margin
Free 40 38 39 38
Involved 2 2 1 3

Table 5-1: The association between Snail expression in colon tumours and

the clinicopathological features using the chi-squared statistical test.
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Figure 5-13: The correlation of Cten and Snail staining. A) The graphs
display the correlations of Cten cytoplasmic and Snail cytoplasmic H score,
B) Cten cytoplasmic and Snail nuclear H score, C) Cten nuclear and Snail
cytoplasmic H score, D) Cten nuclear and Snail nuclear H score, E) Cten
membranous and Snail cytoplasmic H score and F) Cten membranous and

Snail nuclear H score.
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Cytoplasm Cten

Nuclear Cten

Membranous

Staining Staining Cten Staining
rs P rs P rs P
Snail 0.179 0.103 -0.001 0.996 0.022 0.843
Cytoplasmic
Staining
Snail -0.014 0.903 0.186 0.092 -0.005 0.964
Nuclear
Staining

Table 5-2: The correlation of Cten and Snail staining of colorectal tumours

(Spearman’s rank).
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5.3. Discussion

Cten induces cell invasion and cell migration in most systems studied
however knowledge of the underlying signalling mechanisms that promote
this activity are sparse (Al-Ghamdi et al., 2011, Al-Ghamdi et al., 2013).
Snail has been identified as a novel downstream target of Cten and
signalling through Snail was responsible for the induction of cell migration

and invasion mediated by Cten.

These results further implicate Cten as a regulator of EMT processes.
However, usually molecular changes associated with the downregulation of
epithelial marker E-cadherin are accompanied by the upregulation of
mesenchymal marker N-cadherin but this was not the case following the
manipulation of Cten expression in colorectal cell lines. It is possible that
Cten promotes partial EMT (p-EMT) in which cells require some, but not all
the characteristics of EMT. This may be accompanied by further molecular
changes to promote full EMT (Leroy and Mostov, 2007). Since TGF-B is a
master regulator of EMT and TGFB also regulates Cten, it would be of
interest to determine whether TGFB signals through Cten to upregulate

Snail and promote EMT processes (Xu et al., 2009, Peinado et al., 2003).

Cten was shown to prevent the degradation of Snail protein. Snail is often
regulated at the protein level to ensure tight control over its transcriptional
activity in response to external cues. Snail contains 2 Glycogen synthase
kinase-3 beta (GSK3B) phosphorylation motifs, the status of which
regulates Snail’'s cellular localisation and degradation. One of the
phosphorylation sites is localised adjacent to a nuclear export sequence
(NES) and regulates the export of Snail from the nucleus by increasing

accessibility for Chromosomal maintenance 1 (CRM1) (also known as
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Exportin) (Dominguez et al., 2003, Zhou et al., 2004). The second
phosphorylation site overlaps a Beta-Transducin Repeat Containing E3
Ubiquitin Protein (B-Trcp) (also known as F-box/WD repeat-containing
protein 1 (Fbxw1)) destruction box, a motif that is also present in -
catenin. Phosphorylation at this site is required for B-Trcp binding and
phosphorylation thereby regulating B-Trcp mediated ubiquitination (Zhou
et al., 2004). Phosphorylation of Snail by protein kinase D1 (PKD1) also
causes the nuclear export of Snail (Zheng et al., 2014). Phsphorylations
may also promote Snail nuclear retention. Both Large tumour suppressor 2
(LATS2) and p21 activated kinase (PAK1) phosphorylate Snail promoting
its retention in the nucleus thereby increasing Snail activity, as does
dephosporylation by C-terminal domain phosphatase 1 (SCP1) (Yang et al.,
2005, Zhang et al., 2012, Wu et al., 2009). Further work needs to address
how Cten is promoting the stabilisation of Snail protein. Snail nuclear
localisation is dependent upon attachment to the ECM which suggests the
involvement of focal adhesion signalling (Dominguez et al., 2003). 1It's
possible that Cten could prevent Snail degradation by regulating its
phosphorylation status and/or Snail’s subsequent degradation via the

ubiquitin proteasome pathway.

The localisation of Snail expression in colorectal tumours and normal colon
was consistent with Snail function and role in cancer. Snail nuclear
localisation was more prominent in the tumour where it is able to promote
transcriptional changes to induce EMT whereas cytoplasmic localisation was
more prominent in the normal colon. Others have investigated Snail in the
colon and found an upregulation of expression in the tumour (Roy et al.,
2005). Correlation of Cten and Snail staining was close to significance in

both the nuclear and cytoplasmic compartments. Snail expression was not
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associated with any of the clinicopathological features however others have
found an association with lymph node metastasis (Fan et al., 2013).
Reasons for the discrepancy between the data and previously published
data were discussed previously and include the limited size of the data set,
the scoring was not verified by a pathologist and additionally, TMA cores
were taken from separate regions of the tumour (centre, luminal and
invasive edge) which may dilute any signal for example, if Snail was only

expressed at the invasive edge.

Cten has previously been shown to regulate FAK in CRC and it was
hypothesised that Cten could signal to Snail downstream of FAK. However,
although it was confirmed that Cten regulated Snail protein, forced
expression of Cten was not associated with an increase in FAK,
contradicting earlier reports from this lab (Al-Ghamdi et al., 2013). The
reasons for this are not known however, this is only a preliminary result
which requires further repetition. It is possible that as different batches of
HCT116 cells were used, and cell lines can acquire changes over time, that
this may affect cell signalling. Knockdown of FAK was however associated
with a decrease in Snail protein suggesting positive regulation of Snail.
This is a novel observation not previously reported however replication of
this experiment was not performed due to time constraints and is
necessary. Investigations into signalling downstream of Cten to ILK to

promote Snail protein stability is also warranted.

Both Snail and Cten downregulate E-cadherin however, it is unlikely that
Cten signals through Snail to downregulate E-cadherin. Cten was shown to
downregulate E-cadherin at the protein level only and Snail is a

transcriptional repressor of E-cadherin leading to change in message
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levels. It is possible that in addition to Snail, Cten also regulates the
stability of E-cadherin, promoting its membrane delocalisation and
subsequent degradation and this should be investigated. The Src
dependent activation of FAK has been shown to induce this cell activity to
promote EMT whilst having no effect on Snail message (Cicchini et al.,
2008). Snail regulates the expression of a number of other targets
involved in EMT such as Occludin and Claudins (Ohkubo and Ozawa, 2004,
Martinez-Estrada et al., 2006, Ikenouchi et al., 2003). It would be of
interest to determine whether Cten has any downstream targets in
common with Snail that could be mediating the increased migratory and
invasive properties observed. Snail is also involved in other pathways
besides regulating EMT. Snail regulates stem cell pathways which are
linked to EMT pathways. (Hwang et al., 2014, Fan et al.,, 2012)
Additionally, Snail plays a central role in cell metabolism (Dong et al.,
2009, Haraguchi et al., 2013). Cten expression so far has not been linked
to the regulation of metabolic activity but it is an avenue that could be

explored.

Following further mechanistic data regarding the regulation of Snail by
Cten, further work could investigate whether Cten signals through Snail to
increase metastasis in animal models of cancer. All work previously has
been performed using in vitro experiments and it would be an interesting
next step to determine whether this signalling pathway is still relevant in
vivo. Snail and Cten protein expression did not correlate in colorectal
tumours however signalling mechanisms are complex and other signalling

processes could be involved in vivo.
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In summary, a novel Cten-Snail pathway has been discovered in colorectal
cell lines, that acts to increase cell migration and invasion. This finding
sheds further light on networks regulating EMT processes in cell motility.
Further work could lead to the identification of novel targets against cancer

metastasis.
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6.1. Introduction

CRISPR-Cas9 technology is proving to be an efficient technique to
genetically modify DNA and in the process is revolutionising molecular
biology research. Using CRISPR-Cas9, frameshift gene knockout or
targeted modifications, including specific nucleotide changes, gene
activation/repression or insertion such as the addition of a protein tag are
some of the possibilities that can be achieved using this technique.
CRISPR-Cas9 technology quickly superseded previously used transcription
activator-like effector nucleases (TALENs) and zinc finger nucleases (ZFNs)
genome editing technologies. Since gaining popularity as a technique in
molecular biology, modifications of the original CRISPR-Cas9 technique are
arising including the paired nickase approach to improve target specificity
and more recently, RNA-targeting Cas9 (RCas9) systems have been
developed (Ran et al., 2013, Nelles et al., 2016). It may only be a matter

of time until CRISPR-Cas9 technology can be used therapeutically.

The CRISPR technology takes advantage of a mechanism in the bacterial
acquired immune response to protect against invading foreign
bacteriophage and plasmid DNA. The technology exploits the type II
CRISPR system in which foreign DNA is incorporated between CRISPR
repeat sequences in the bacterial genome. Upon re-infection, the CRISPR
RNA (crRNA) is able to target the invading foreign DNA through base pair
complementation and cleavage occurs by the nuclease Cas9, thus

eliminating the pending threat (Bikard and Marraffini, 2013).

In genome editing, Cas9 is directed to the target DNA site where a double
strand break (DSB) is introduced, causing subsequent activation of the

DNA damage response (DDR). Repair of DSBs via non-homologous end
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joining (NHEJ) is error-prone and leads to the introduction of random
indels which could cause a frameshift and subsequent gene knockout either
by changing the resulting coding sequence or by the introduction of a
premature stop codon. The use of a donor plasmid enables specific
nucleotide editing by providing a template DNA sequence to promote DSB
repair by homology directed repair (HDR), incorporating the gene
modification (figure 6-1). As changes are made to the DNA sequence,

modifications are inherited in the cell progeny (Wei et al., 2013).

Interrogation of Cten signalling has previously been achieved by
manipulating Cten expression, either by forced expression of Cten using a
plasmid vector or by knockdown using siRNA duplexes targeting Cten
mRNA. To knockdown, short double stranded RNA oligonucleotides are
introduced into the cell and cleaved by the RNAse II Dicer. Subsequent
incorporation into the multiprotein RNAIi induced silencing complex (RISC)
guides the siRNA to target mRNA and by complementary base pairing can
direct its degradation and inhibit its translation. Using siRNA to knockdown
Cten has limitations in that as this technique operates at a post-
transcriptional level and therefore the knockdown is only transient.
Additionally, the protein expression often isn't completely lost and the
degree of knockdown is not always consistent between experiments

(Barrangou et al., 2015).

To overcome limitations of gene knockdown, CRISPR-Cas9 genome editing
technology was used to create a Cten knockout cell line, to provide an
alternative, or supplementary method to interrogate Cten signalling in

CRC.
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Figure 6-1: The CRISPR-Cas9 system. CRISPR-Cas9 induced DSBs are
repaired by either NHEJ or HDR. NHEJ is an error prone repair mechanism
that induces random indels at the site of the DSB to generate products of
variable length and sequence. HDR uses a donor plasmid to act as a
template to repair the DSB. This repair mechanism is precise and is used

to introduce targeted gene mutations.
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6.2. Results

6.2.1. Optimisation of CRISPR-Cas9 Construct Transfection

The generation of Cten knockout SW620 cells was achieved using CRISPR-
Cas9 technology. The CRISPR-Cas9 construct comprised both the guide
RNA (gRNA) to target Cten exon 3 (sequence
CCGCCAGATCAAGGTGCCACGA) and the Cas9 gene to cleave the DNA at
this target site (figure 6-2). The transfection of the CRISPR-Cas9 construct
was optimised in SW620 and the number of cells expressing GFP (also
contained within the construct) was determined by flow cytometry (figure
6-3). Comparable transfection efficiencies were achieved over the
conditions in which the amount of construct and Lipofectamine 2000
transfection reagent were optimised. A condition using 4 pg of plasmid
together with 5 pl of Lipofectamine gave the highest transfection efficiency

(11.17%). These conditions were used for subsequent transfections.

17

cass [A] G}

Figure 6-2: The CRISPR-Cas9 plasmid format. The CRISPR-Cas9 construct
(Sigma) comprised the gRNA sequence targeted to exon 3 of Cten
downstream of the U6 promoter. The Cas9 gene was fused to GFP with a

2A peptide downstream of a CMV promoter.
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Figure 6-3: Optimisation of the CRISPR-Cas9-GFP construct transfection.
The percentage of GFP expressing SW620 cells was determined by flow

cytometry.
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6.2.2. Confirmation of CRISPR-Cas9 Induced Mutation

Following the transfection of SW620 cells with the CRISPR-Cas9 construct,
HRM was performed to determine whether this process had induced
mutations at the target site in exon 3 of Cten. DNA was extracted from
both CRISPR transfected and untransfected SW620 cells and PCR used to
amplify the region around the CRISPR-Cas9 target site (figure 6-4).
Agarose gel electrophoresis revealed bands corresponding to 333 bp as
predicted for the amplification product. HRM analysis revealed a shift in the
melting profile of the CRISPR-Cas9 treated SW620 cells compared to the
untreated SW620 cells. A shift in the melting profile indicated a change in
the DNA sequence and hence could suggest that mutations have been

introduced into the Cten DNA sequence.
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Figure 6-4: Assessment of CRISPR-Cas9 induced mutation by HRM. (A)
PCR amplification of a 333 bp region around the CRISPR target site in exon
3 of Cten for both CRISPR-Cas9 transfected and untransfected SW620
cells. (B) The active melt region from HRM analysis of CRISPR-Cas9
treated (red) and untreated (black) SW620 cells showed a shift in the

melting profile.

6.2.3. Establishment of Homogenous Cell Populations

The CRISPR-Cas9 construct, without a donor plasmid, induces random
indels at the target site and hence it is likely that the transfected cells will

display a range of mutations. In order to obtain a homogenous cell
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population, GFP expressing cells were sorted following CRISPR-Cas9
construct transfection and clonal expansion of isolated single cells was
performed (figure 6-5). A total of 384 isolated single CRISPR-Cas9
transfected cells were seeded into 96 well plates and of these, 20

established colony growth and were expanded to T75 flask stage.

Untransfected cells Untransfected cells CRISPR transfected: first round sorting CRISPR transfected: second round sorting
533 3021 [

GFF positive GFF positive GFP positive

20 : 94.12%
. 0.46% 11.95% 88.70%

438-88C

28 38
488-FSC1 488-513726 488-513/28 488-513/26

Figure 6-5: The isolation of single CRISPR-Cas9 transfected cells. CRISPR-
Cas9 transfected SW620 cells were sorted based on the expression of GFP.
Cells went through 2 rounds of sorting to ensure that only GFP positive

cells were isolated.

6.2.4. CRISPR-Cas9 Induced Mutation of the CTEN gene

In order to create a gene knockout from the introduction of random indels,
a frame shift was required to create a change in the downstream
translated sequence which could introduce a premature stop codon.
Following the clonal expansion of transfected cells, DNA was again
extracted and the region around the Cten target site in exon 3 amplified.
Purified plasmids isolated from single clones were screened by HRM to

identify clonal cell populations that displayed a difference in melting profile
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compared to untransfected SW620 cells (figure 6-6). Those melting profiles
showing a difference of at least 4% from the untransfected SW620 cells
were sequenced. To check for mutations on each allele separately, the
amplified Cten sequence was inserted into a vector by TA cloning and
following this, blue-white screening used to identify recombinants. The
sequence of the clonal populations was subject to BLAST analysis (NCBI) to
identify any difference in sequence between Cten in the CRISPR-Cas9
treated SW620 derived DNA and the Cten gene reference sequence
(NC_000017.11) (figure 6-7). From the clonally expanded cell lines
sequenced, 1 contained a mutation on both Cten alleles. The alleles from
this cell population contained a 19 and 20 nucleotide deletion of the Cten
sequence. Input of the resulting sequences into ORF Finder (NCBI)
revealed that these sequences translated to 333 and 191 amino acid
proteins respectively. Wt. Cten comprises 715 amino acids and therefore it
can be confirmed that the truncated proteins were due to the introduction

of premature stop codons.
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Figure 6-6: Assessment of CRISPR-Cas9 induced mutation of clonal cell
populations. The shifted melting curve (top) and difference plot (bottom)
from HRM showed that CRISPR-Cas9 treated clonal SW620 cell populations

display a difference in melting profile from untransfected SW620 cells

(grey).
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Figure 6-7: BLAST analysis of CRISPR-Cas9 induced mutations. (A) BLAST
analysis revealed a 19 nucleotide deletion in the DNA sequence derived
from the CRISPR treated SW620 cells compared to the Cten gene reference
sequence (NC_000017.11) (B) BLAST analysis revealed that the second

allele contained a 20 nucleotide deletion of the Cten gene sequence.
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6.2.5. Cten is Knocked Out at the Protein Level using CRISPR-Cas9

Genome Editing

Genome editing of SW620 cells was predicted to introduce a premature
stop codon in the Cten amino acid sequence and hence result in loss of
protein expression. To confirm that this was the case, a western blot was
performed (figure 6-8). Protein expression was absent in the Cten
knockout cell line even under long exposures whilst still present in the
control cell line. This indicates that Cten was successfully knocked out in

SW620 cells (SW620<*"°) using the CRISPR-cas9 technology.

SW620CtenKO
SW620C0ntroI

Cten s — 77 kDa

Actin wse e _ 42 kDa

SW620

Figure 6-8: CRISPR-Cas9 induced knockout of Cten protein. Cten protein
was knocked out in CRISPR-Cas9 treated SW620 cells compared to the

control cell line.
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6.2.6. Validation of the Targeting of Snail by Cten

The validation of Cten knockout on Cten downstream targets was next
investigated. Cten was shown to regulate Snail protein expression using a
dual approach of gene manipulation. Forced expression of Cten in low
expressing cell lines HCT116 and Caco-2 was associated with an increase
in Snail expression whereas siRNA knockdown of Cten in high expressing
cell line SW620 was associated with a reduction in Cten expression. To
validate this, Snail expression was investigated in SW620°*"° cells.
SW620°*"™C  cells displayed lower Snail expression compared to
SW620°°"! cells that highly express Cten (figure 6-9). This corroborates

with the findings shown using siRNA knockdown of Cten.

SW620ControI
SW620Cten KO

Cten e — 77 kDa

Snail -— @ — 29 kDa

Actin PR — — 42 kDa

Figure 6-9: Snail expression is reduced in SW620<®"°

cells. Snail protein
expression was decreased in SW620°*"8° compared to SW620°°"™ cells

that expressed Cten.
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6.3. Discussion

CRISPR-Cas9 technology is a wuseful tool for introducing genetic
modifications. CRISPR-Cas9 was successfully employed to knockout Cten in
the high expressing Cten cell line SW620, to provide validation of or an

alternative to transient siRNA knockdown experiments.

Deletion was shown at the DNA level and consequent absence of
expression shown at the protein level through the introduction of a
frameshift mutation which gave rise to a premature stop codon on each
Cten allele. It is possible that the truncated proteins are still expressed
within the cell however, as the protein coding region of Cten begins in exon
2 and the CRISPR target site was in exon 3, this leaves only a small

section of the Cten coding sequence remaining.

The CRISPR knockout cell line was used to validate siRNA knockdown
experiments. Knockout of Cten in SW620 was associated with a reduction
in Snail protein expression as previously demonstrated using siRNA. The
reduction in Snail protein however was not as marked. It is possible that
with long term loss of Cten, other pathways may compensate for this and

adapt accordingly.

CRISPR-Cas9 is still a relatively new technology and the extent of off-
target effects is currently unknown. This is however also a limitation when
using sSiRNA knockdown as an alternative. There are a number of
improvements to this method being described to help reduce the
possibilities of this. One such method is the ‘paired nickase’ approach
which uses 2 independent gRNA sequences to increase target specificity

(Ran et al., 2013). However, to overcome any issues with knockdown and
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knock out of expression, experiments are validated by forced expression
experiments and therefore any issue with non-specific targeting should be

eliminated.

The creation of a Cten knockout cell line also allows rescue experiments to
be performed in which Cten can be restored following knockout and the
functional relevance of this explored. It would be of interest to further use
CRISPR to modify the CTEN gene to investigate the activity of Cten for
example, the fluorescent labelling of Cten would allow its localisation to be
studied following the manipulation of signalling pathways. In this way,
endogenous Cten can be investigated rather than using ectopic expression

of Cten.

In conclusion, CRISPR has proved to be an efficient technique to
successfully manipulate Cten expression and consequently may allow the

development of more complex in vitro models to study Cten signalling.
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7 General Discussion

7.1. Introduction

The overall aim of this thesis was to elucidate mechanisms of Cten
signalling in CRC, in order to further understand the pathways involved in
metastasis. This was investigated in vitro by the manipulation of cell
signalling pathways to identify mediators of Cten signalling. Functional
assays were performed to assess the relevance of such interactions and
additionally, the protein expression of Cten and potential signalling targets
was investigated in colorectal tumours. This study has made a number of
novel observations regarding Cten signalling, the findings of which need to

be consolidated and extended in the future.

7.2. Cardinal Findings

7.2.1. Cten in the Nucleus has Increased Oncogenic Function but it

is unlikely that Cten Regulates B-catenin Transcriptional Activity

Cten was previously found to be expressed in the nucleus and nuclear
localisation of Cten was more prevalent in metastatic deposits than the
primary tumour (Albasri et al., 2011a). Additionally, Cten was shown to
bind to B-catenin in the nucleus, a component of the Wnt signalling
pathway that is frequently upregulated in CRC (Liao et al., 2009).
Considering this, it was hypothesised that Cten may have increased
oncogenic function in the nucleus which could arise through the regulation
of B-catenin activity and may promote the expression of CSC genes.
Together it was hypothesised that these signalling mechanisms could

promote CRC metastasis and induce cancer cell stemness.

The nuclear localisation of Cten in tissue sections was confirmed although,

nuclear localisation was only present in 3% of the tumours investigated.
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Additionally, nuclear expression was found to a similar extent in the normal
colon as it was colorectal tumours. Whilst expression of nuclear Cten was
previously shown to be upregulated in liver metastasis, it does not seem to
be associated with the primary tumour. Cten, when forcibly expressed in
the nucleus, gave enhanced cell migration and colony formation efficiency
compared to wt. Cten. Investigations attempted to uncover signalling
mechanisms that may give rise to this cell functional activity. It was
confirmed that Cten in the nucleus did indeed bind to B-catenin and further
to this, the interaction was shown to be mediated by the N-terminal region

of Cten.

Most other Cten interacting proteins bind to Cten via the C-terminus.
Integrin binding is most likely mediated via the PTB domain of Cten whilst
DLC1 and c-Cbl bind to the SH2 domain of Cten (Cao et al., 2012, Hong et
al., 2013). As far as we are aware, this is the first time that a protein has
been identified to bind in the N-terminal region of Cten. Analysis of the
Cten sequences reveals Serine rich regions in the N-terminal region with
potential phosphorylation sites and it is possible that these could mediate
signalling to other proteins. The other Tensins have the actin binding
domain located at the N-terminus but their central regions do not show

much homology and likely serve different roles (Lo and Lo, 2002).

The nuclear localisation of focal adhesion proteins is a common occurrence.
Proteins often translocate to the nucleus and have roles such as acting as
transcription factors or transcriptional regulators. ILK is a focal adhesion
localised protein which following phosphorylation by P21 Protein
(Cdc42/Rac)-Activated Kinase 1 (PAK1), translocates to the nucleus and

transcriptionally represses CNKSR Family Member 3 (CNKSR3) (Acconcia et
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al., 2007). Similarly, FAK translocates to the nucleus where it inactivates
p53 signalling (Lim et al., 2008). Additionally, Paxillin localises to the
nucleus where it regulates the activity of the androgen receptor (AR) in
prostate cancer. Paxillin binds to and retains the AR in the nucleus thereby
promoting its transcriptional activity. (Sen et al., 2012). Similar to Cten,
Paxillin has no known NLS and its suggested possible that these proteins
could shuttle to the nucleus with other NLS containing proteins (Lim,
2013). It was hypothesised that Cten may regulate the transcriptional
activity of B-catenin in a similar way. Despite confirming that Cten does
bind to p-catenin, Cten failed to induce (or repress) [-catenin
transcriptional activity and furthermore, Cten did not help to retain B-
catenin in the nucleus. The role Cten is serving in the nucleus whilst bound

to B-catenin is at present unclear.

Cells that are able to undergo metastasis and known to display properties
of stem cells (Brabletz et al., 2005). Since Cten expressing cells have
greater migratory capabilities, it may be possible that Cten expression is
linked to cell stemness. Ectopic expression of Cten however did not induce
the expression of any of the CSC markers investigated, neither did Cten
induce the transcriptional expression of any other targets when forcibly
expressed in the nucleus. This work suggests that Cten in the nucleus does
increase cell migration however, the signalling mechanisms inducing this
are unclear. Further investigation into the molecular mechanisms involved

is warranted.
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7.2.2. Cten is Regulated by EGFR and Kras Signalling in CRC but a

Tensin Switch does not Occur

It is of importance to try and elucidate the mechanisms that are regulating
metastasis. Others have shown that Cten is regulated by EGFR signalling in
breast cells. Signalling through this pathway induces a Tensin switch
mechanism whereby increased Cten expression is associated with a
decrease in the expression of Tensin 3. The Tensin switch promotes actin
rearrangements and consequently increased cell motility (Katz et al.,
2007). Additionally, downstream inactivation of DLC1 via Cten further
regulates changes associated with cell motility through RhoA signalling
(Cao et al., 2012). Since Cten is regulated by Kras signalling in CRC, it was
hypothesised that the EGFR may signal upstream of this. This hypothesis,
in addition to providing further understanding of signalling mechanisms
contributing to metastasis in CRC, could also potentiate the use of Cten as

a therapeutic target since it would lie downstream of EGFR-Kras signalling.

Cten was identified as a target of EGFR signalling in CRC cell lines and the
regulation of Cten by Kras was also confirmed. EGFR and Kras commonly
signal in the same pathway, but it is possible that the EGFR and Kras
signal independently with regard to Cten expression. It is likely that EGFR
signalling could regulate Cten via the PI3K and Stat3 pathways and
additionally, other tyrosine kinases may feed into the Kras pathway to
regulate Cten. This could be confirmed by manipulation of these signalling

pathways.

EGFR was confirmed as a regulator, albeit a positive regulator and
additionally, Kras was identified as a novel regulator of Tensin 3

expression. However, a Tensin switch did not occur either by EGFR or Kras
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signalling. The first paper to propose a Tensin switch mechanism
postulated that this regulated cell migration through differential actin
binding of Tensin 3 and Cten. Since Cten does not contain an actin binding
domain, displacement of Tensin 3 from integrin binding will induce loss of
attachment of actin at focal adhesions. (Katz et al., 2007). Many proteins
are in complex at focal adhesions directly binding actin, integrins or
serving as adaptor proteins in between, maintaining a connection between
the ECM and the cytoskeleton. Loss of Tensin 3 may not necessarily
release the actin-integrin connection unless accompanied by additional

molecular changes.

Later it was shown that the Tensin switch increased cell migration via DLC1
since Tensin 3 promotes DLC1 tumour suppressor activity and this is
inhibited by Cten (Cao et al., 2012). However, in cancer, DLC1 is not
widely expressed and this was confirmed in CRC cell lines. This may
explain why a Tensin switch does not occur (Peng et al., 2013). It would be
of interest to investigate whether Cten signalling to Tensin 3 is associated
with a change in cell migration. The biological activity of Tensin 3 in cancer
has before been studied in other tumour types. Tensin 3 was
phosphorylated by Src and Tensin 3 knockdown reduced colony formation
and cell migration in NSCLC and melanoma cell lines. Further to this,
Tensin 3 promoted metastasis in a mouse breast cancer model. This would
suggest that Tensin 3 has tumour promoting activity, which would be
consistent with the findings of this study. The activity of Tensin 3 could be
context dependent. In non-cancer cells where DLC1 is expressed, Tensin 3
may bind and inhibit cell motility whereas in tumour cells were Src activity
is high, Tensin 3 may have tumour promoting activity. Interacting proteins

may compete for binding to the SH2 domain (Qian et al., 2009).
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Rho signalling is known to regulate pathways in a number of cellular
processes that require cytoskeletal rearrangements. Signalling to
downstream ROCK mediates focal adhesion signalling by regulating actin
polymerisation and contraction (Olson and Sahai, 2009). The inactivation
of DLC1 by Cten following EGF stimulation was postulated to induce RhoA
activation and this was repressed by Tensin 3 (Cao et al., 2012). If the
Tensin switch and DLC1 signalling do not play a prominent role in CRC, it
would be of interest to determine whether Cten still requlates RhoA and
the associated signalling pathways to induce actin remodelling via other
mechanisms. Pathway analysis of differentially expressed genes following
Cten forced expression revealed RhoA signalling, Rho-GDI signalling and
Rho-GTPase family signalling pathways were significantly affected. Of the
Rho family of proteins, RhoA has been most extensively studied however,
expression profiling identified RhoB as a target of Cten signalling.
Additionally, a number of other proteins involved in actin structural
remodelling were identified as downstream targets of Cten and include
Actin-related protein 2/3 complex subunit 1B (ARPC1B) and myosin 1B
which are concerned with actin polymerisation and the formation of actin
protrusions (Komaba and Coluccio, 2010, Volkmann et al., 2001).
Confirmation and further investigation of these targets may identify novel

mediators of Cten signalling.

Migration is a cyclic process comprising protrusion and attachment at the
leading edge of the cell and detachment and retraction at the rear to allow
movement of the cell body in the direction of cell migration. Consequently,
active signalling pathways at the leading edge of the cell may be dissimilar
to the cell rear to induce both actin protrusion and actomyosin contraction.

It is worth considering this when investigating Cten signalling as assessing
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the cell as a whole and independent of migration status may be over

simplifying the process.

Cten’s localisation in the stages of the focal adhesion life cycle, as far as it
is known, has not been identified. Tensin 3 was found to be expressed
mainly in fibrillar adhesions in human foreskin fibroblasts (Clark et al.,
2010). These are formed in the final stages of focal adhesion maturation
and maintain strong contact between the cell and ECM. Since there is no
rapid attachment and detachment motion to the ECM, fibrillar adhesions
are not generally associated with motile cells. It is surprising, therefore,
that EGFR and Kras signalling, which are often upregulated in cancer,
would induce Tensin 3 expression which is associated with fibrillar
adhesions. Conversely, others have found that Tensin 3 localises to focal
adhesions in a lung cell line (Cui et al., 2004). Knowledge of Tensin 3
expression in cancer and knowledge of signalling is sparse and further

investigations regarding its role are needed to fully understand this.

It was of interest to determine the mechanisms of Cten signalling as it is
possible that Cten could be a target for therapy in patients displaying a
Kras mutation. Since it was shown that the EGFR could signal
independently of Kras to increase Cten expression, this may have
implications for its use as a therapeutic target for anti-EGFR resistant
tumours. The role of Cten in CRC progression is gaining prominence and
therapeutic inhibition may prove useful for the targeting of cell migration

and invasion.
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7.2.3. The Stabilisation of Snail Increases Tumourigenicity in the

Colon

Cten is known to promote cell motility although in CRC it is unlikely that
Cten induces cell motility through the Tensin switch mechanism.
Additionally, Cten has previously been shown to induce cell motility by
signalling to E-cadherin in CRC cell lines, the downregulation of which is a
feature of EMT. EMT signalling plays a crucial role in metastasis to promote
invasion and migration of tumour cells away from the primary tumour.
Considering this, it was hypothesised that Cten may promote further
molecular changes associated with EMT and as a consequence of this,

induce cell motility in CRC cell lines.

Manipulation of Cten expression followed by western blotting for an EMT
marker panel confirmed that Cten downregulated E-cadherin and in
addition, identified Snail as a novel target of Cten signalling. This was
identified using a dual approach of gene manipulation using both plasmid
forced expression and siRNA knockdown reducing the possibility of
experimental artefacts. Further to this, it was shown that Cten regulated
the protein stability of Snail and this relationship was functionally relevant.
A reduction in cell invasion, migration and colony formation efficiency were
observed when cells were simultaneously transfected with a Cten
expression construct together with Snail targeting siRNA, indicating that

Cten regulates these functions in a Snail-dependent manner.

The stabilisation of Snail by Cten is a novel finding and further implicates
Cten in EMT processes. However as Cten does not increase the
transcriptional activity of E-cadherin, it is unlikely that a Cten-Snail-E-

cadherin pathway exists. Although E-cadherin is a well described target of
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Snail signalling, Snail also signals to other proteins independently of E-
cadherin including tight junction proteins Caludin-1, Occludin and ZO-1. In
addition to regulation at a transcriptional level, Snail also regulates
expression at a post transcriptional level (Ohkubo and Ozawa, 2004). It
was demonstrated that Cten regulates cell migration and invasion through
Snail however downstream mediators of this effect have yet to be

identified.

It is possible that Cten contributes to cell invasion and migration through
focal adhesion signalling to promote actin structural rearrangements and
also by the stabilisation of proteins involved in EMT. It seems Cten often
regulates downstream targets at the protein level including E-cadherin,
Snail and Tensin 3. Cten has been linked to the stabilisation of proteins
through binding to c-Cbl, a RING finger E3 ubiquitin ligase that transfers
ubiquitin from an E2 ubiquitin conjugating enzyme to the target protein.
Following ubiquitination, the target protein is degraded by the proteasome.
Cten prevents the degradation of EGFR in this way as a positive feedback
mechanism to reinforce EGFR mediated signalling. The interaction with c-
Cbl is mediated via the SH2 domain of Cten (Hong et al., 2013). c-Cbl has
been linked to the degradation of other proteins including B-catenin, but
not the ubiquitination of Snail (Shivanna et al., 2015). It is possible that
Cten regulates EMT protein expression via other components of the
ubiquitin proteasome pathway. Expression profiling identified a number of
potential Cten targets involved in this pathway including Ubiquitin-
conjugating enzyme E2R 2 (UBE2R2) which regulates B-TrCP substrate
recognition in Snail and p-catenin degradation, Ubiquitin-conjugating
enzyme E2D 4 (UBE2D4) and F-box and leucine-rich repeat protein 18

(FBXL18) and F-box protein 7 (FBX027) which form part of the Skp, Cullin,
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F-box containing (SCF) complex involved in substrate recognition (Semplici

et al., 2002, Cardozo and Pagano, 2004).

Considering these findings, it would seem likely that Cten contributes to
EMT processes and this could contribute to the effects of Cten mediated
cell motility. Whether these pathways contribute to cell migration in vivo
and CRC metastasis remains to be explored. Although in vitro, molecular
changes associated with EMT have often been demonstrated, in different
cancer models, the occurrence and relevance of EMT in vivo is debated. In
breast cancer, for example, it is postulated that EMT may only act within
specific subtypes with basal-like tumours associated with EMT marker
expression (Sarrio et al., 2008). Furthermore, in mouse models of
pancreatic and lung cancer, although EMT contributed to chemoresistance,
it was not required by metastasising cells (Fischer et al., 2015, Zheng et
al., 2015). However, EMT is complex and at present is not fully understood
and hence these mouse models used may not fully recapitulate EMT

processes in human cancer.

7.3. Final Conclusions

The activation of invasion and metastasis is one of the hallmarks of cancer
that dictates malignant growth. Altered cell adhesion governed by changes
in the expression of both cell-cell and cell-ECM adhesion molecules was
described as central to this process (Hanahan and Weinberg, 2000). These
events precede the adaptation of cells to a foreign environment and the
establishment of macroscopic metastatic tumour development. Substantial
advances have been made in recent years in an attempt to understand the

molecular changes associated with the invasion-metastasis cascade
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however, due the complexity of events it entails, the processes involved

still lacks clear understanding.

It is evident that Cten is emerging at the forefront as a regulator of cell
adhesion and migration. It has been shown here that although Cten is
regulated by EGFR and Kras signalling, cell motility does not appear to be
regulated by a tensin switch mechanism in CRC. Further mechanisms as to
how Cten contributes to cell motility through signalling to other focal
adhesion localised proteins remains to be explored. Cten does however
promote cell migration and invasion in vitro through the stabilisation of
EMT proteins Snail and E-cadherin. How this is mediated downstream of
Snail has yet to be determined. It has been confirmed that Cten does
translocate to the nucleus in CRC and in this subcellular location Cten
displays increased tumourigenicity. Mechanisms of this activity have yet to
be elucidated however, it can be concluded that this is probably not
mediated via Wnt signalling. A summary of the conclusions drawn from this

thesis are depicted in figure 7-1.

The clinical significance of cancer metastasis cannot be understated, and
further study of the underlying molecular mechanisms involved could
ultimately provide a substantial benefit in cancer therapy. Since Cten
signalling appears to be critical for invasion and migration in vitro, further
clarification of Cten signalling may assist the drug discovery process. Cten
may be a potential target for anti-metastatic therapy to repress EMT and
consequently, cell invasion and migration. Firstly however, further pathway

elucidation and validation in vivo is needed.
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Figure 7-1: A concluding diagrammatic representation of Cten signalling
in CRC, determined from this thesis. Cten is regulated by both Kras and
EGFR signalling but these could be independent events. Downstream, Cten
stabilises both Snail and Tensin 3 proteins. Cten also translocates to the

nucleus where it binds B-catenin via the N-terminal region.

7.4. Future Perspectives

The work presented here has demonstrated the role of Cten in EMT
processes however, the comprehension of this Tensin family member
would be enhanced with future study. This should include investigations

into how Cten stabilises Snail protein. This could potentially be through the
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regulation of Snail phosphorylation by GSK3B or through the regulation of
the ubiquitin proteasome pathway. The EMT marker panel used in this
study comprised only E-cadherin, N-cadherin, Vimentin and Snail. Many
more proteins are involved in EMT and it would be interesting to determine
whether Cten, in addition, regulates the expression of these proteins. In
particular, it would be of interest to investigate whether Cten regulates

Slug, which is in the same protein family as Snail.

Nuclear targeted Cten displays increased functional activity however, the
underlying molecular mechanisms are unknown. Since no transcriptional
targets were identified using the NLS-Cten construct for expression
profiling, the identification of Cten binding proteins in the nucleus may give
further indications to Cten’s role in this subcellular localisation. This could
be achieved using mass spectrometry techniques to identify any unknown
proteins in complex with Cten. Investigations could also include the
mechanisms of Cten translocation to the nucleus and whether Cten

shuttles between the nuclear and cytoplasmic cell compartments.

A number of novel Cten downstream targets have potentially been
identified by Affymetrix microarray expression profiling. Validation of these
at the mRNA level by gqRT-PCR and confirmation of these changes at the
protein level is required. The identified genes are involved in a number of
cell processes. Confirmation of downstream targets could potentially
identify pathways that promote Cten mediated adhesion and migration but
may also lead to the identification of novel Cten signalling pathways and

functions.
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This study has determined that Cten does not regulate cell adhesion and
migration through a Tensin switch in CRC cell lines. However, since Cten is
localised at focal adhesions, it is possible that Cten contributes to the
turnover of focal adhesions and changes in actin structure through other
mechanisms. Investigating whether Cten influences focal adhesion
turnover, what stage of focal adhesion maturation Cten is involved in,
where in the migrating cell it localises to and how these observations
impact on actin structural rearrangements could all benefit the
understanding of Cten signalling. Advances in live cell imaging are helping
to understand focal adhesion dynamics. The manipulation of Cten
signalling following the tagging of endogenous Cten with a fluorescent
marker and the staining of actin in live cells may give further insights into

the role of Cten in cell migration.

Throughout this study, Cten signalling has been investigated using CRC
epithelial cell lines grown in vitro using standard culture techniques,
including the culture of cells directly onto plastic (with the exception of the
invasion assays in which cells are seeded on a basement membrane
extract). However, this environment does not closely resemble those
experienced in vivo. Cells in vivo grow on the ECM rather than plastic and
considering that Cten is localised at focal adhesions it is certainly possible
that interactions with the ECM could influence Cten signalling. The use of
more physiologically relevant culture substrates, such as a coating of
basement membrane on culture vessels, could be employed as a regular
technique in an attempt to replicate the in vivo environment. Furthermore,
the use of fibroblast conditioned media or epithelial/fibroblast co-cultures

could be used to conserve the paracrine signalling experienced in vivo.

214



7 General Discussion

Thus, a range of approaches could be applied in order to create more
complex culture conditions that, in return, may enable more relevant data

on Cten function to be gathered.
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9 Appendices

9.1 Cell Line Mutation Profiling

Cell KRAS KRAS BRAF BRAF PIK3CA PTEN TP53
Line Exon 2 Exon4 Exon 11 Exon 15 Exon 20 Exon 3 Exon 6
HCT116 Mutant Wt. Wt. Wt. Mutant  Wt. Wt.
RKO Wt. Wt. Wt. Mutant Mutant Wt Wt.
C32 Wt. Wt. Wt. Wt. Wt. Wt. Wt.
CACO2 Wt. Wt. Wt. Wt. Wt. Wt. Mutant
SW480 Mutant Wt. Wt. Wt. Wt. Wt. Wt.
SW620 Mutant Wt. Wt. Wt. Wt. Wt. Wt.
DLD1 Mutant Wt Wt. Wt. Wt. Wt. Wt.

Table 9-1: The mutation status of CRC cell lines for commonly mutated

genes in CRC.
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Figure 9-1: The screening of CRC cell lines for a mutation in KRAS exon 2.
A) KRAS exon 2 shifted melting curve for HCT116, Caco-2, RKO, DLD1,
C32 SW480 and SW620. B) The difference plot for Kras exon 2 revealed

that DLD1, HCT116, SW620 and SW480 displayed a mutation in this exon.
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Figure 9-2: The screening of CRC cell lines for a mutation in KRAS exon 4.
A) KRAS exon 4 shifted melting curve for HCT116, Caco-2, RKO, DLD1,
C32 SW480 and SW620. B) The difference plot for Kras exon 4 revealed

that all cell lines were wt. for this exon.

234



9 Appendices

=

BRAF 1
2 Exon 11
g
s D.EL ~ |
3
=
3 06
=
E
Soaf 1
£
Eo2
5
u -
1 1 1 |
B0 81 82 83 B4 a6 ar
Temperature "C
B
T T T T
0.08] BRAF
006 - Exon 11 |
0.04}
o 002 -
2 o
§ 002 : : -
| T
<4 - .
0,06 -
=008 - o |
=01k
1 1 1 Il ! 1 1
a0 81 a2 83 84 86 a7
Temperature "C

Figure 9-3: The screening of CRC cell lines for a mutation in BRAF exon

11. A) BRAF exon 11 shifted melting curve for HCT116, Caco-2, RKO,

DLD1, C32 SW480 and SW620. B) The difference plot for BRAF exon 11

revealed that all cell lines were wt. for this exon.
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Figure 9-4: The screening of CRC cell lines for a mutation in BRAF exon
15, A) BRAF exon 15 shifted melting curve for HCT116, Caco-2, RKO,
DLD1, C32 SW480 and SW620. B) The difference plot for BRAF exon 15

revealed that only RKO displayed a mutation in this exon.
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Figure 9-5: The screening of CRC cell lines for a mutation in PIK3CA exon
20. A) PIK3CA exon 20 shifted melting curve for HCT116, Caco-2, RKO,
DLD1, C32 SW480 and SW620. B) The difference plot for PIK3CA exon 20

revealed that HCT116 and RKO displayed a mutation in this exon.
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Figure 9-6: The screening of CRC cell lines for a mutation in PTEN exon 3.
A) PTEN exon 3 shifted melting curve for HCT116, Caco-2, RKO, DLD1, C32
SW480 and SW620. B) The difference plot for PTEN exon 3 revealed that

all cell lines were wt. for this exon.
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Figure 9-7: The screening of CRC cell lines for a mutation in TP53 exon 6.

A) TP53 exon 6 shifted melting curve for HCT116, Caco-2, RKO, DLD1, C32

SW480 and SW620. B) The difference plot for TP53 exon 6 revealed that

only Caco-2 displayed a mutation in this exon.
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9.2 Expression profiling differentially expressed genes

Gene Symbol Gene Title p-value Fold
Change

C220rf34 chromosome 22 open 4.35E-11 2.374
reading frame 34

RAB5A RAB5A, member RAS 3.40E-10 21.422
oncogene family

PRIM1 primase, DNA, polypeptide 1  4.18E-10 5.570
(49kDa)

TES testis derived transcript (3 9.95E-10 8.153
LIM domains)

CLN6 ceroid-lipofuscinosis, 1.03E-09 -8.174
neuronal 6, late infantile,
variant

DEFB129 defensin, beta 129 1.24E-09 68.318

--- --- 2.94E-09 2.562

SUPT6H suppressor of Ty 6 homolog 3.46E-09 29.598
(S. cerevisiae)

--- --- 4.01E-09 118.962

DNAH6 dynein, axonemal, heavy 4.42E-09 -5.504
chain 6

ZSCAN21 zinc finger and SCAN domain 5.32E-09 3.205
containing 21

SCGB2A2 secretoglobin, family 2A, 5.36E-09 9.788
member 2

KRT18 keratin 18 7.55E-09 2.273

LOC339874 hypothetical LOC339874 7.63E-09 -3.408

SFRS18 splicing factor, 8.89E-09 25.165
arginine/serine-rich 18

--- --- 1.19E-08 9.285

--- --- 1.26E-08 12.298

ARPC1B actin related protein 2/3 1.37E-08 -2.178
complex, subunit 1B, 41kDa

SLC28A2 solute carrier family 28 1.59E-08 -10.350
(sodium-coupled nucleoside
transporter), member 2

NLGN4X neuroligin 4, X-linked 1.93E-08 38.750

UBE2D4 ubiquitin-conjugating 2.25E-08 -2.924
enzyme E2D 4 (putative)

CELA3A chymotrypsin-like elastase 3.11E-08 -2.769
family, member 3A

EPHA2 EPH receptor A2 4.16E-08 2.019

--- --- 4.17E-08 6.399

TMEM160 transmembrane protein 160 5.10E-08 5.215

--- --- 5.32E-08 -14.329

NCRNA00258 non-protein coding RNA 258  6.74E-08 6.485

ZBED5 zinc finger, BED-type 7.92E-08 -3.168

containing 5
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ZNF765
FL135946

FLI34208

LCLAT1

RAB21

PLA2G2E
C14o0rf34

TMEM87A

NEU2

ZNF765
DDX50

EPS15

TAS2R13

CELA3A

MAGEA2 ///

MAGEA2B
FEM1A
FBXL18
TFCP2L1

CEP170 ///
CEP170P1

MYO1B
NASP

PAX5
FAM82A1

GTPBP3

GADDA45GIP1

TFF2

zinc finger protein 765

hypothetical protein
FL135946
hypothetical LOC401106

lysocardiolipin
acyltransferase 1

RAB21, member RAS
oncogene family
phospholipase A2, group IIE

chromosome 14 open
reading frame 34
transmembrane protein 87A

sialidase 2 (cytosolic
sialidase)
zinc finger protein 765

DEAD (Asp-Glu-Ala-Asp) box
polypeptide 50

epidermal growth factor
receptor pathway substrate
15

taste receptor, type 2,
member 13
chymotrypsin-like elastase
family, member 3A
melanoma antigen family A,
2 /// melanoma antigen
family A, 2B

Fem-1 homolog a (C.
elegans)

F-box and leucine-rich
repeat protein 18
transcription factor CP2-like
1

centrosomal protein 170kDa
/// centrosomal protein
170kDa pseudogene 1
myosin IB

Nuclear autoantigenic sperm
protein (histone-binding)
paired box 5

family with sequence
similarity 82, member Al
GTP binding protein 3
(mitochondrial)

Growth arrest and DNA-
damage-inducible, gamma
interacting protein 1
trefoil factor 2

1.05E-07
1.13E-07
1.16E-07

1.16E-07
1.23E-07
1.24E-07

1.26E-07

1.30E-07
1.36E-07

1.81E-07
1.87E-07
1.93E-07

2.01E-07
2.04E-07

2.17E-07

2.44E-07

2.67E-07

2.93E-07

3.13E-07

3.82E-07

3.95E-07

4.33E-07

4.52E-07
4.60E-07

4.75E-07
5.21E-07

5.38E-07

5.53E-07
5.73E-07

6.00E-07

11.726
2.139
24.044

4.360
8.912
6.586

3.557

-3.577
4.186

4.112
-3.315
9.327

2.165
2.659

5.395

2.485

-2.713

4.191

7.610

-3.716

-4.213

6.329

-3.088
12.136

5.104
-7.764

2.744

-3.813
7.518

-4.666
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LOC643201

PMS2P11

NCOA3

THOC4

RNF17

RPA1

GAL3ST3

GNG12

TMBIM6

RPS16
KIAA2026
PRSS33
GAP43
PHC3

DNAIC15

MTHFR

Clorf105

TPMT

CCDC90B

SLMAP

YY1
ALG14

TPTE2P1

centrosomal protein 192kDa
pseudogene

postmeiotic segregation
increased 2 pseudogene 11
Nuclear receptor coactivator
3

THO complex 4

ring finger protein 17

replication protein A1,
70kDa

galactose-3-0-
sulfotransferase 3

serine/arginine-rich splicing
factor 1

guanine nucleotide binding
protein (G protein), gamma
12

transmembrane BAX
inhibitor motif containing 6
ribosomal protein S16

KIAA2026
protease, serine, 33
growth associated protein 43

polyhomeotic homolog 3
(Drosophila)

Dnal (Hsp40) homolog,
subfamily C, member 15
methylenetetrahydrofolate
reductase (NAD(P)H)
chromosome 1 open reading
frame 105

thiopurine S-
methyltransferase

coiled-coil domain containing
90B

sarcolemma associated
protein

YY1 transcription factor
Asparagine-linked
glycosylation 14 homolog (S.
cerevisiae)

Transmembrane
phosphoinositide 3-
phosphatase and tensin
homolog 2 pseudogene 1

6.03E-07

6.78E-07

7.12E-07

7.35E-07
7.38E-07
7.38E-07
7.77E-07
8.16E-07

8.87E-07
9.13E-07

9.14E-07
9.38E-07

9.88E-07
9.94E-07

1.05E-06

1.11E-06
1.21E-06
1.22E-06
1.25E-06
1.27E-06

1.28E-06
1.28E-06

1.30E-06

1.32E-06

1.33E-06

1.43E-06

1.55E-06
1.58E-06

1.60E-06
1.74E-06

1.84E-06

6.335

-2.478

-3.695

-3.276
-2.178
2.476
14.907
2.847

13.318
2.129

-2.640
2.722

8.608
2.473

2.183

2.006
-3.618
-4.053
-10.945
9.117

2.231
5.638

14.212

-3.050

3.419

2.386

3.916
11.044

2.444
3.219

6.784
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ALDH1A2 aldehyde dehydrogenase 1 1.94E-06 5.289
family, member A2

--- --- 2.04E-06 -4.884

--- --- 2.12E-06 -10.500

ACOT9 acyl-CoA thioesterase 9 2.19E-06 2.583

OR2H2 olfactory receptor, family 2, 2.24E-06 -2.888
subfamily H, member 2

CBWD1 /// COBW domain containing 1 2.27E-06 2.035

cBwD2 /// /// COBW domain containing

CBWD3 /// 2 /// COBW domain

CBWD5 /// containing 3 ///

CBWD6 ///

CBWD7 ///

LOC10050735

5

NOSTRIN nitric oxide synthase 2.30E-06 -11.442
trafficker

--- --- 2.41E-06 3.819

HERPUD1 homocysteine-inducible, 2.66E-06 2.238
endoplasmic reticulum
stress-inducible, ubiquitin-
like domain m

TROVEZ2 TROVE domain family, 2.67E-06 2.384
member 2

PTPRN2 protein tyrosine 2.72E-06 2.471
phosphatase, receptor type,
N polypeptide 2

MND1 meiotic nuclear divisions 1 2.78E-06 3.085
homolog (S. cerevisiae)

ZNF548 zinc finger protein 548 2.92E-06 -3.106

LMBRD1 LMBR1 domain containing 1 2.94E-06 2.770

KIR3DL1 /// killer cell immunoglobulin- 3.04E-06 -2.763

KIR3DL2 /// like receptor, three domains,

LOC727787 long cytoplasmic tail, 1 /// k

ANKRD17 ankyrin repeat domain 17 3.19E-06 2.797

LOC10028748 transcription elongation 3.33E-06 2.533

3 factor B (SIII), polypeptide 1
pseudogene

FBXL5 F-box and leucine-rich 3.44E-06 2.231
repeat protein 5

GMPS guanine monphosphate 3.52E-06 2.614
synthetase

SRP54 signal recognition particle 3.54E-06 2.474
54kDa

ARMC10 armadillo repeat containing 3.86E-06 -2.039
10

NGFRAP1 nerve growth factor receptor 4.05E-06 2.153
(TNFRSF16) associated
protein 1

KIR3DL1 /// killer cell immunoglobulin- 4.33E-06 -5.783

KIR3DL2 /// like receptor, three domains,

LOC727787 long cytoplasmic tail, 1 /// k

EDA2R ectodysplasin A2 receptor 4.36E-06 3.104
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H2AF]

TM9SF4

MAP4K5

NCLN
ECH1

UBE2D4

XPO7
FBXL18

RYK

PALM2

APBB2

DNAJC22

MTERFD2

LARP6

CENPT
NUFIP2

LOC10050581
8 /// MLLT4

SPOP
SMARCA4

IGFBP7

KLK2
SPAG11A

SP110
C210rf89

QDPR

H2A histone family, member
]

transmembrane 9
superfamily protein member
4

mitogen-activated protein
kinase kinase kinase kinase
5

nicalin

enoyl CoA hydratase 1,
peroxisomal
ubiquitin-conjugating
enzyme E2D 4 (putative)
exportin 7

F-box and leucine-rich
repeat protein 18

RYK receptor-like tyrosine
kinase

paralemmin 2

amyloid beta (A4) precursor
protein-binding, family B,
member 2

Dnal (Hsp40) homolog,
subfamily C, member 22
MTERF domain containing 2

La ribonucleoprotein domain
family, member 6
centromere protein T

nuclear fragile X mental
retardation protein
interacting protein 2
afadin-like ///
myeloid/lymphoid or mixed-
lineage leukemia (trithorax
homolog, Drosophi
speckle-type POZ protein

SWI/SNF related, matrix
associated, actin dependent
regulator of chromatin,
subfamily a

insulin-like growth factor
binding protein 7
kallikrein-related peptidase 2

sperm associated antigen
11A
SP110 nuclear body protein

chromosome 21 open
reading frame 89
quinoid dihydropteridine
reductase

4.39E-06

4.53E-06

4.58E-06

4.62E-06
4.75E-06

5.22E-06

5.35E-06
5.38E-06

5.41E-06

5.88E-06
6.02E-06
6.11E-06

6.41E-06

6.65E-06
6.81E-06
7.10E-06

7.60E-06
7.61E-06

7.72E-06

7.88E-06
8.07E-06

8.34E-06
8.54E-06

8.93E-06
9.15E-06

9.24E-06
9.89E-06

9.93E-06

-2.582

-8.039

6.896

-2.472
3.107

-3.398

-2.086
-3.921

2.405

3.341
-2.177
-2.421

-4.169

-2.419
2.304
4.506

-4.572
2.085

-3.031

2.190
2.068

8.072
13.298

-2.952
-2.328

-2.424
-2.299

-2.601
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ZMYNDS8 zinc finger, MYND-type 1.06E-05 6.175
containing 8

C160rf79 chromosome 16 open 1.07E-05 -2.228
reading frame 79

Cl4orfl64 chromosome 14 open 1.10E-05 -2.164
reading frame 164

TSC2 tuberous sclerosis 2 1.33E-05 -2.328

LSG1 large subunit GTPase 1 1.35E-05 3.079
homolog (S. cerevisiae)

1.45E-05 -2.357

1.49E-05 2.199

GFM1 G elongation factor, 1.51E-05 2.143
mitochondrial 1

SEMAS5B sema domain, seven 1.74E-05 2.410
thrombospondin repeats
(type 1 and type 1-like),
transmembrane domai

FTH1 ferritin, heavy polypeptide 1  1.75E-05 3.073

CLIP4 CAP-GLY domain containing 1.75E-05 2.562
linker protein family,
member 4

NR1I2 nuclear receptor subfamily 1.80E-05 5.177
1, group I, member 2

SLC2A11 solute carrier family 2 1.85E-05 3.049
(facilitated glucose
transporter), member 11

EPS8L2 EPS8-like 2 1.85E-05 2.403

copB1 coatomer protein complex, 1.85E-05 2.112
subunit beta 1

MFAP3 microfibrillar-associated 1.92E-05 7.246
protein 3

CKAP4 cytoskeleton-associated 2.15E-05 8.351
protein 4

GLG1 golgi glycoprotein 1 2.17E-05 2.350

2.18E-05 -3.227

LRIG2 leucine-rich repeats and 2.18E-05 2.776
immunoglobulin-like
domains 2

2.19E-05 -2.684

SEC63 SEC63 homolog (S. 2.34E-05 2.068
cerevisiae)

PSMD13 proteasome (prosome, 2.46E-05 2.250
macropain) 26S subunit,
non-ATPase, 13

UQCC ubiquinol-cytochrome ¢ 2.71E-05 2.554
reductase complex
chaperone

GDEP gene differentially expressed 2.73E-05 2.882
in prostate

2.76E-05 4.854

OTuUB1 OTU domain, ubiquitin 2.77E-05 2.399
aldehyde binding 1

OR13C4 olfactory receptor, family 13, 2.92E-05 6.896
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CEACAM21

KIR3DL1 ///
KIR3DL2 ///
LOC727787
RASA4 ///
RASA4P

CTBP1
LUC7L3
EGR1
H2AF]

SP110
RBM15

LOC645249
CREB3L1

NDUFAF2

GPCPD1

LSM4

SLC12A4

GMIP
SCRT1

RRN3

CSNKI1E
ARCN1
PKD1L2

FAM92A1
ADAM29

CTAGES
GOLGA2

subfamily C, member 4

carcinoembryonic antigen-
related cell adhesion
molecule 21

killer cell immunoglobulin-
like receptor, three domains,
long cytoplasmic tail, 1 /// k
RAS p21 protein activator 4
/// RAS p21 protein activator
4 pseudogene

C-terminal binding protein 1

LUC7-like 3 (S. cerevisiae)
early growth response 1

H2A histone family, member
]
SP110 nuclear body protein

RNA binding motif protein 15

hypothetical LOC645249

cAMP responsive element
binding protein 3-like 1
NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex, assembly factor
2

glycerophosphocholine
phosphodiesterase GDE1
homolog (S. cerevisiae)
LSM4 homolog, U6 small
nuclear RNA associated (S.
cerevisiae)

Solute carrier family 12
(potassium/chloride
transporters), member 4

GEM interacting protein

scratch homolog 1, zinc
finger protein (Drosophila)
RRN3 RNA polymerase I
transcription factor homolog
(S. cerevisiae)

casein kinase 1, epsilon
archain 1

polycystic kidney disease 1-
like 2

family with sequence
similarity 92, member Al
ADAM metallopeptidase
domain 29

CTAGE family, member 9

golgin A2

3.10E-05

3.13E-05
3.13E-05

3.14E-05

3.17E-05
3.49E-05
3.58E-05
3.74E-05

3.75E-05
3.81E-05
3.95E-05
4.10E-05
4.19E-05

4.37E-05

4.39E-05

4.41E-05

4.53E-05

4.57E-05
4.58E-05
4.84E-05

4.95E-05

5.14E-05
5.21E-05
5.30E-05

5.30E-05

5.49E-05

5.71E-05
5.75E-05

2.519

2.408
-7.372

2.991

3.814
2.047
2.576
-3.366

-2.737
3.104
-2.796
3.289
6.062

2.012

-2.659

-3.239

2.423

6.686
-2.063
-12.317

3.195

2.044
-2.117
-3.142

2.759

-2.207

3.431
2.755
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FAM71B

NAP1L5

MARCKS

GNRHR

PIGX

TSNARE1

C200rf196

NSA2

TOMM20

TBP
ADPRHL1
C170rf58

BDNF

CTDSP2

LOC10012972
2
C4o0rf35

PURA

SH2B3
FBX027

LOC10050616
5
LOC284912

LOC10012817
6
CC2D2A

TACO1

SHMT2

CWF19L1

RCN1

family with sequence
similarity 71, member B
nucleosome assembly
protein 1-like 5

myristoylated alanine-rich
protein kinase C substrate
gonadotropin-releasing
hormone receptor
phosphatidylinositol glycan
anchor biosynthesis, class X
t-SNARE domain containing
1

chromosome 20 open
reading frame 196

NSA2 ribosome biogenesis
homolog (S. cerevisiae)
translocase of outer
mitochondrial membrane 20
homolog (yeast)

TATA box binding protein

ADP-ribosylhydrolase like 1

chromosome 17 open
reading frame 58
brain-derived neurotrophic
factor

CTD (carboxy-terminal
domain, RNA polymerase II,
polypeptide A) small
phosphatase 2

hypothetical LOC100129722

chromosome 4 open reading
frame 35

purine-rich element binding
protein A

SH2B adaptor protein 3

F-box protein 27
hypothetical LOC100506165

hypothetical LOC284912

hypothetical protein
LOC100128176
coiled-coil and C2 domain
containing 2A
translational activator of
mitochondrially encoded
cytochrome c oxidase I
serine
hydroxymethyltransferase 2
(mitochondrial)
CWF19-like 1, cell cycle
control (S. pombe)
reticulocalbin 1, EF-hand

6.12E-05

6.37E-05

6.49E-05
6.49E-05

7.10E-05

7.36E-05

7.60E-05

8.32E-05

8.61E-05

8.90E-05

9.05E-05
9.20E-05
9.42E-05

9.64E-05

9.78E-05

9.84E-05

9.85E-05

0.000107159

0.000107947
0.000108663
0.000109983

0.000110913
0.000111603

0.000116392

0.000118597

0.000123585

0.000125018

0.000126642

-2.449

2.115

-3.195
-3.580

5.110

-2.467

-2.186

2.255

-2.329

2.225

-2.444
4.751
2.006

2.753

3.262

-2.505

-3.404

2.300

-3.737
-3.671
2.096

-2.500
-3.383

-5.802

-2.425

-2.118

2.172

-2.348
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LOC10013431

71711
LOC284412
SRCAP

DDX3Y

SLC46A2
C14o0rf37

DEFB124

LOC10028874
5
OCLN

QKI

PPP2R5A

KIR3DL1 ///
KIR3DL2 ///
LOC727787

PAK2

BCOR
C150rf39

LOC10012807
9
KLHL11

INO80D

GGCX

ADCY1
SERPINE1

calcium binding domain

hypothetical LOC100134317
/// hypothetical LOC284412

Snf2-related CREBBP
activator protein

DEAD (Asp-Glu-Ala-Asp) box
polypeptide 3, Y-linked

solute carrier family 46,
member 2

chromosome 14 open
reading frame 37
defensin, beta 124

Hypothetical protein
LOC100288745
occludin

quaking homolog, KH
domain RNA binding
(mouse)

ubiquitin-conjugating
enzyme E2R 2

protein phosphatase 2,
regulatory subunit B', alpha
killer cell immunoglobulin-
like receptor, three domains,
long cytoplasmic tail, 1 /// k

p21 protein (Cdc42/Rac)-
activated kinase 2
BCL6 corepressor

chromosome 15 open
reading frame 39
Hypothetical protein
LOC100128079

kelch-like 11 (Drosophila)

INO80 complex subunit D

gamma-glutamyl
carboxylase

adenylate cyclase 1 (brain)
serpin peptidase inhibitor,
clade E (nexin, plasminogen
activator inhibitor type 1),
me

0.000131332

0.000132105

0.000137696

0.00014098
0.000147631

0.000147986

0.000148694
0.00015408

0.00015546
0.00015596

0.000162306
0.000171998
0.000173081

0.000177242
0.000179871
0.000181685
0.000186861

0.000191051

0.000193299
0.00019359

0.00019647
0.000210463

0.000214814

0.000215484
0.00022435

0.000229555
0.000237888

0.000242838
0.000245995
0.000248086

4.616

-2.000

2.419

-2.423
-2.872

2.459

-2.892
2.081

2.488
4.612

-3.623
-5.014
2.065

2.435
-5.256
2.772
-2.051

-2.355

4.419
2.018

-2.785
2.515

2.509

-2.558
2.043
2.128
2.319

2.793
6.734
-3.108
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CLEC4C

MTA2

BMPR1A

PLIN5S
ARHGAP17

PHF7
CD46

TAPBP

NADSYN1
FARP1

APOOL
NUP98
PLA2G16
FLVCR2

TRAF1

RDX
TGM5
ASB2

B4GALTS5

RMND5A

LOC10012942

7
SSFA2

C-type lectin domain family
4, member C

metastasis associated 1
family, member 2

bone morphogenetic protein
receptor, type IA

perilipin 5
Rho GTPase activating

protein 17
PHD finger protein 7

CD46 molecule, complement
regulatory protein

TAP binding protein
(tapasin)

NAD synthetase 1

FERM, RhoGEF (ARHGEF)
and pleckstrin domain
protein 1 (chondrocyte-
derived)

apolipoprotein O-like
nucleoporin 98kDa
phospholipase A2, group XVI

feline leukemia virus
subgroup C cellular receptor
family, member 2

TNF receptor-associated
factor 1

radixin

transglutaminase 5

ankyrin repeat and SOCS
box-containing 2

UDP-Gal:betaGIcNAc beta
1,4- galactosyltransferase,
polypeptide 5

required for meiotic nuclear
division 5 homolog A (S.
cerevisiae)

hypothetical LOC100129427

Sperm specific antigen 2

potassium voltage-gated

0.00024814

0.00025175

0.00025465

0.00026121
0.00026272
0.00026411
0.00026494

0.00026599
0.00027034

0.00027146
0.00027171
0.00027270

0.00029239
0.00029681

0.00030192
0.00030337
0.00030554
0.00030773

0.00032028

0.00033468
0.00033753
0.00033841

0.00035511
0.00035623
0.00035693
0.00036458
0.00036974

0.00037895

0.00038370

0.00038540
0.00038652
0.00038653
0.0003891

2 2.957
6 3.008
2 2.436
7  -4.574
4  -5.285
1 2.662

2.566
4  -2.032
8 3.292
4 4.144
5 5.383
8 -3.048
5 2.218
2 -2.004
9 2.298
1 -3.119
9 3.218

-2.305
1 4.833
6 -2.856
4  -3.568

2.519
2 -2.276
5 2.799
1 -2.365
6 -2.101
9 2.134
8 2.659
9 -2.105
9 3.132
6 2.832
6 6.528

2.594
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RNASEH1

LOC338667

C10o0rf81

APP

TTLL11

AXL

ADD3
GOSR2

DLX4
NSMAF

Clorf156

FAMOC

CNKSR3
ARMCS8

CAPZA1

STX16
ALKBH7

TMEM17
SFRP4

ERO1L

channel, delayed-rectifier,
subfamily S, member 2
Ribonuclease H1

hypothetical protein
LOC338667

chromosome 10 open
reading frame 81

amyloid beta (A4) precursor
protein

tubulin tyrosine ligase-like
family, member 11

AXL receptor tyrosine kinase

adducin 3 (gamma)

golgi SNAP receptor complex
member 2
distal-less homeobox 4

neutral sphingomyelinase
(N-SMase) activation
associated factor

Bartter syndrome, infantile,
with sensorineural deafness
(Barttin)

chromosome 1 open reading
frame 156

family with sequence
similarity 9, member C
CNKSR family member 3
armadillo repeat containing
8

capping protein (actin
filament) muscle Z-line,
alpha 1

syntaxin 16

alkB, alkylation repair
homolog 7 (E. coli)

transmembrane protein 17

secreted frizzled-related
protein 4
ERO1-like (S. cerevisiae)

0.000394355
0.000405817
0.000406379

0.000415318

0.000423078

0.000424228

0.000436862
0.000446108
0.000451926
0.000476196

0.000477819
0.0004811

0.000484486
0.000485678
0.00049167
0.00049388
0.000501764
0.000506114

0.000506279
0.000506612

0.000518259

0.000523468
0.000533413

0.000535909

0.000536198
0.000536339
0.000570776

0.000575586
0.000579974
0.000584939
0.000585799

0.000589523
0.000594597

3.045
3.097
-3.310

2.420

2.460

6.688

-2.284
2.493
2.301
2.273

2.428
-2.627

4.576
2.126
2.741
-6.065
-6.352
2.031

2.102
2.439

-2.045

2.394
-2.274

2.168

-2.038
-3.289
2.938

2.030
2.108
3.231
2.182

2.267
3.983
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KDM5A

SPRED1

RHOB

SULF2
MSI2

VRK3
TMEM128
FBXO33
LPAR3

VWA3A

LIMK2
NOVA2

MGC45922

lysine (K)-specific
demethylase 5A
sprouty-related, EVH1
domain containing 1

ras homolog gene family,
member B

sulfatase 2

musashi homolog 2
(Drosophila)

vaccinia related kinase 3
transmembrane protein 128
F-box protein 33
lysophosphatidic acid
receptor 3

von Willebrand factor A

domain containing 3A
LIM domain kinase 2

neuro-oncological ventral
antigen 2
hypothetical LOC284365

0.000596193

0.000601675

0.000617572

0.000620825
0.00062601

0.000632733
0.00063838
0.00064248
0.000661169
0.000665671

0.00067169

0.0006739
0.000674307

0.000683045

-2.043

-2.110

2.077

-3.417
2.266

-2.301
-2.986
3.164
2.390
2.278

2.655

2.193
-2.525

2.551

Table 9-2: Differentially expressed genes HCT116 Cten vs. empty vector.

Microarray gene expression profiling differentially expressed genes

between Cten and empty vector transfected HCT116 cells (>2-fold,

p<0.05).
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Gene Gene Title P Fold
Symbol Change
NLGN4X neuroligin 4, X-linked 1.62E-07 -20.508
THOC4 THO complex 4 1.07E-06 3.144
ZSCAN21 zinc finger and SCAN domain 1.50E-06 -2.009
containing 21
KIAA2026 KIAA2026 2.40E-06 3.334
GADD45GIP  Growth arrest and DNA-damage- 3.25E-06 -5.531
1 inducible, gamma interacting
protein 1
GTPBP3 GTP binding protein 3 4.76E-06 -2.269
(mitochondrial)
PLA2G2E phospholipase A2, group IIE 7.02E-06 2.396
MYO1B myosin IB 7.14E-06 2.376

Table 9-3: Differentially expressed genes HCT116 NLS-Cten vs. Cten.

Microarray gene expression profiling differentially expressed genes

between NLS-Cten and Cten transfected HCT116 cells (>2-fold, p<0.05).
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Gene Gene Title P Fold

Symbol Change

FHAD1 forkhead-associated (FHA) 1.19E-08 -2.214
phosphopeptide binding domain 1

C1l4orf34 chromosome 14 open reading frame 2.86E-08 5.160
34

LARP6 La ribonucleoprotein domain family, 4.66E-08 11.160
member 6

SLC28A2 solute carrier family 28 (sodium- 5.62E-08 -8.070
coupled nucleoside transporter),
member 2

TES testis derived transcript (3 LIM 1.49E-07 3.846
domains)

SCGB2A2 secretoglobin, family 2A, member 2  1.82E-07 5.281

--- 2.13E-07 28.527

DEFB129 defensin, beta 129 2.31E-07 14.228

PRIM1 primase, DNA, polypeptide 1 3.00E-07 2.609
(49kDa)

SUPT6H suppressor of Ty 6 homolog (S. 6.21E-07 8.363
cerevisiae)

--- 7.35E-07 -8.105

RAP1A RAP1A, member of RAS oncogene 1.00E-06 -2.947
family

HPDL 4-hydroxyphenylpyruvate 1.08E-06 -2.106
dioxygenase-like

NLGN4X neuroligin 4, X-linked 1.11E-06 12.506

PLA2G2E phospholipase A2, group IIE 1.31E-06 -2.798

--- 2.75E-06 3.863

RAB5A RAB5A, member RAS oncogene 3.15E-06 3.843
family

CLN6 ceroid-lipofuscinosis, neuronal 6, 3.48E-06 -2.733
late infantile, variant

--- 8.07E-06 5.116

--- 9.08E-06 -2.778

--- 1.18E-05 4.118

--- 1.52E-05 -3.671

CEP170 ///  centrosomal protein 170kDa /// 2.36E-05 3.487

CEP170P1 centrosomal protein 170kDa
pseudogene 1

NEU2 sialidase 2 (cytosolic sialidase) 2.46E-05 4.042

GAP43 growth associated protein 43 2.50E-05 -5.918

--- 2.68E-05 -7.723

TSPANS tetraspanin 5 3.35E-05 -2.076

PRKCH protein kinase C, eta 3.52E-05 -6.306

FL134208 hypothetical LOC401106 3.77E-05 2.318

HAVCR2 hepatitis A virus cellular receptor 2 3.78E-05 -2.006

SLC46A2 solute carrier family 46, member 2 4.76E-05 -3.305
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Table 9-4: Differentially expressed genes RKO Cten vs. empty vector.
Microarray gene expression profiling differentially expressed genes

between Cten and empty vector transfected RKO cells (>2-fold, p<0.05).
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Gene Gene Title P Fold
Symbol Change
NLGN4X neuroligin 4, X-linked 2.13E-06 -10.7276

_— - 2.21E-06 -2.00805

Table 9-5: Differentially expressed genes RKO NLS-Cten vs. Cten.
Microarray gene expression profiling differentially expressed genes

between NLS-Cten and Cten transfected RKO cells (>2-fold, p<0.05).
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Gene Gene Title HCT116 RKO Fold
Symbol Fold Change
Change

C1l4orf34 chromosome 14 open reading 4.18565 5.19592
frame 34

LARP6 La ribonucleoprotein domain 4.50633 11.1601
family, member 6

SLC28A2 solute carrier family 28 (sodium- -10.3504 -8.0695
coupled nucleoside transporter),
member 2

TES testis derived transcript (3 LIM 8.15302 3.84614
domains)

SCGB2A2 secretoglobin, family 2A, 9.78797 5.2816
member 2

--- 118.962 28.5269

DEFB129 defensin, beta 129 68.3176 14.2278

PRIM1 primase, DNA, polypeptide 1 5.56956 2.60943
(49kDa)

SUPT6H suppressor of Ty 6 homolog (S. 29.598 8.36304
cerevisiae)

--- -14.3285 -8.1051

NLGN4X neuroligin 4, X-linked 38.7495 12.5056

PLA2G2E phospholipase A2, group IIE -3.57728 -2.79833

--- 9.28453 3.8633

RAB5A RAB5A, member RAS oncogene 21.4215 3.84287
family

CLN6 ceroid-lipofuscinosis, neuronal 6, -8.17389 -2.7334
late infantile, variant

--- 11.7262 5.11592

--- -3.81319 -2.7779

--- 8.91223 4.11794

--- -4.88433 -3.67067

CEP170 /// centrosomal protein 170kDa /// 6.3291 3.4868

CEP170P1 centrosomal protein 170kDa
pseudogene 1

NEU2 sialidase 2 (cytosolic sialidase) 9.32727 4.0423

GAP43 growth associated protein 43 -10.9453 -5.91768

--- -5.25649 -7.72255

FL134208 hypothetical LOC401106 4.36028 2.31831

SLC46A2 solute carrier family 46, member -2.87195 -3.30508

2

Table 9-6: Differentially expressed genes in HCT116 and RKO. Microarray

gene expression profiling differentially expressed genes between Cten and

empty vector transfected cells common to both HCT116 and RKO (>2-fold,

p<0.05).
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