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METABOLISM AND MOTILITY OF HEAD AND NECK CANCER: CHARACTERISATION,
PROGNOSTICATION AND NOVEL TARGET IDENTIFICATION
By Jason Fleming

Head and neck cancer (HNSCC) worldwide affects over 500,000 new people each year and
overall mortality has remained at 50% despite promising new treatments. Although FDG-
PET imaging is in widespread clinical practice, the unique metabolic features of this
disease and its subtypes remain poorly understood. We have previously identified C-
terminal tensin-like (CTEN; TNS4), a member of the TENSIN gene family that encodes focal
adhesion adaptor proteins, as being a likely target gene of a cell’s metabolic sensors
(CtBPs). CTEN is also emerging as a prognostic marker in many cancer types but its
mechanism of action and clinical relevance in HNSCC was unknown.

Clinical relevance was examined through tissue microarray immunohistochemistry
analysis of 260 consecutively treated oropharyngeal cancer patients, demonstrating CTEN
expression to have a significant inverse correlation with disease-specific survival, as well
as a determinant of chemoradiotherapy resistance. RNA sequencing analysis and in vivo
results helped direct in vitro functional assays, utilising gene knockdown methods,
resulting in discovery of a novel CTEN function promoting cell survival in HNSCC cell lines,
potentially through a TGFB-dependent pathway.

Linking tumour cell metabolism, we proposed a novel mechanism whereby
increasing glycolytic stimuli could regulate CTEN expression via a CtBP2 dependent
pathway. We revealed a binding site for the CtBPs on the CTEN promoter via chromatin
immunoprecipitation analyses. Given the clinical relevance of the human papilloma virus
(HPV) in clinical practice, we proceeded to classify the metabolic profiles of both HPV-
positive and HPV-negative HNSCC and identified one potential metabolic target, the
monocarboxylic acid transporter 1 (MCT1). Metabolic profiling confirmed HPV-negative
HNSCC as an ideal candidate disease for targeting with a novel MCT1-inhibitor and in vitro
treatment resulted in potentially beneficial effects on both metabolic activity and
radiosensitivity of cells. We therefore highlighted the potential therapeutic benefits of

metabolic agents in novel combination therapy strategies.
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Chapter 1

1.1 Head and neck cancer

1.1.1 Introduction

Head and neck cancer is a collective name for a biologically similar group of cancers that
originate from the nasal cavity and paranasal sinuses, oral cavity, pharynx and larynx.
Over 90% of these derive from epithelial cells of mucosal linings and are termed head and
neck squamous cell carcinomas (HNSCC). With over 500,000 new diagnoses each year and
a mortality over 50% (Loyo et al., 2013), the disease burden is significant. In the UK, 2012
saw almost 9700 new cases accounting for 4% of the national cancer incidence (excluding
skin) (Ferlay et al, 2012). Furthermore, survival rates have remained relatively unchanged
over the past 3 decades yet the incidence continues to rise. From 1990-2006,
oropharyngeal cancer incidence in the UK has risen by over 200%, oral by 30%, salivary by
37% and palatal by 66% (Price et al., 2010). The reasons for this trend are multifactorial.
Although tobacco smoking and alcohol consumption remain the most important
independent risk factors (Roland and Paleri, 2008), numerous other risk factors have now
been proposed to explain international and regional changes of incidence. Indeed
tobacco-related cancers are in fact decreasing in incidence (Leemans et al., 2011). For
example immigration from the Indian subcontinent with the habit of betel chewing may
contribute to the UK rise in oral cancer, and the rise of human papilloma virus-induced
tumours in younger populations accounts for the increasing oropharyngeal cancer
incidence (Cadoni et al., 2012).

Despite the heightened awareness of early symptoms, multimodal treatment and
the reporting of new prognostic histological features, the 5-year survival rates for this
disease have remained relatively static for the past three decades at around 50%, albeit
with significant variability across tumour locations (Loyo et al., 2013). Surgery and
radiotherapy, with or without concomitant chemotherapy, are the mainstays of
treatment in HNSCC (Roland and Paleri, 2012). However both of these modalities can
result in significant morbidity with aesthetic and/or functional deformities, especially
concerning speech and swallowing. Treatment failure and locoregional recurrence occur
in upto 30% of patients and account for the majority of disease-related mortality

(Leemans et al., 1994).



Chapter 1

1.1.2 Genetic alterations in HNSCC

Although HNSCC is genetically heterogeneous, a number of pathways are commonly
implicated. In the epithelium of the head and neck mucosal surfaces, the primary genetic
alterations are usually secondary to the carcinogenic effects of tobacco and alcohol,
although in the oropharynx oncogenic subtypes of the human papilloma virus (HPV) are
now a major aetiological factor (Curry et al., 2014); this disease has a distinct oncogenic
mechanism and phenotype and will be considered separately.

The most commonly identified mutation in HPV-negative HNSCC is in the tumour
suppressor gene TP53, which is present in around 50% of cases and has a 1-5 fold
negative impact on survival (Loyo et al., 2013). TP53 has a key role in causing cell cycle
arrest in order to repair DNA damage, and ushering the cell into apoptotic or senescent
pathways if said damage is irreparable. This function is exerted through the induction of
the cell cycle regulator p21. TP53 mutations have also been linked to altered tumour
metabolism, increasing the aerobic glycolytic capacity through activation of a wide range
of enzymes and glucose transporters (Cairns et al., 2011). Despite the prevalence of
mutations and their important oncogenic effects, studies looking at the TP53 biomarker
potential have not yet reached sufficient sensitivity or specificity for widespread clinical
use (Loyo et al., 2013).

The second most commonly mutated gene in HNSCC is NOTCH1, a gene with
cancer-type dependent effects but in this disease, a tumour suppressor with a mutation
incidence of approximately 15% (Tan et al., 2013). In this context the majority of
mutations appear to affect the EGF-like ligand-binding domain or the Notch1 intracellular
domain (NICD), suggesting loss of function (Loyo et al., 2013). Dual oncogenic and tumour
suppressor function in different tumours means targeting thus far has been ineffective,
even hazardous.

Although mutations in the Ras family: HRAS (Harvey), KRAS (Kirsten) and NRAS
(neuroblastoma) are implicated in over a third of human tumours, there was ongoing
debate about their prevalence in HNSCC (Barbacid, 1987). However novel techniques
such as deep sequencing have shown than in a U.S. cohort, HRAS mutations are one of
the most common HNSCC mutations (Frederick et al., 2013). Mutations in these small
GTPases cause the proteins to be constitutively active in the GTP-bound state, thus

resulting in increased proliferation and survival signalling (Matthaios et al., 2011). This
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signalling operates through numerous downstream pathways, most notably the
Raf/MEK/ERK serine threonine pathway and the phosphatidylinositol 3-kinase (PI3K)
pathway. In HNSCC, alterations of these pathways can also occur through mutations
further downstream e.g. loss of PTEN resulting in PI3K over-activation (Castellano and
Downward, 2011). Indeed there are a multitude of receptor tyrosine kinases that activate
PI3K and the epidermal growth factor receptor (EGFR) is one such membrane bound
receptor that is overexpressed in upto 90% cases, although mutations are only present in
about 10% of cases (Curry et al., 2014). EGFR binding triggers a cascade of signals that
activate many oncogenic effects including survival, proliferation and invasion (Kim et al.,
2008; Sheu et al., 2009). It also stimulates angiogenesis by increasing interleukin 8 (IL-8)
and vascular endothelial growth factor (VEGF) production (Kalyankrishna and Grandis,
2006; Koontongkaew, 2013). Overexpression of EGFR has frequently been shown to
independently correlate with tumour stage, reduced radiation sensitivity and increased
risk of recurrence (Numico et al., 2010; Rabinowits and Haddad, 2012; Song et al., 2004).
The product of the tumour suppressor gene cyclin-dependent kinase inhibitor 2A
(CDKN2A), p16, regulates cell cycle progression through its interaction with
Retinoblastoma (Rb) protein and is typically upregulated in hypoxia and other stress
conditions (Horiguchi et al., 2012). It is often disrupted in HNSCC patients and
overexpression, such as that occurring in virally induced tumours, correlates with
improved prognosis (Bova and McGuinness, 2007; Bova et al., 1999; Koontongkaew,
2013). Rb binding to and inhibition of the senescence-promoting transcription factor E2F
is reversed by the cyclin-dependent kinase-4 and -6 (CDK4 and CDK6) which
phosphorylate Rb, allowing cell cycle progression (Morgan, 1995; Serrano et al., 1993;
Sherr, 1994). P16 however inhibits these CDKs, allowing the Rb-E2F complex to stabilise
and halt cell cycle progression. This is of particular relevance in human papillomavirus-

positive HNSCC.

1.1.3 Human papilloma virus (HPV)

HPV has come to prominence as an independent risk factor for HNSCC in light of the
reducing prevalence of tobacco smoking in Western countries. Indeed HPV is now a direct
aetiological factor in upto 25% of HNSCC, most commonly in oropharyngeal squamous
cell carcinoma (OPSCC) (Krupar et al., 2014). Tonsil tumours in particular have an HPV

prevalence of 51 to 93% (Hammarstedt et al., 2006; Nasman et al., 2009; Rotnaglova et
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al., 2011). The risk of infection is directly correlated with the number of lifetime
orogenital contacts, although tobacco and alcohol exposure tend to be lower (Krupar et
al., 2014). The patient demographic is also different with patients being on average 5
years younger than the typical HNSCC patient (Loyo et al., 2013). The high-risk subtype is
HPV-16, whereas HPV-6 and-11 are low risk and normally associated with warts and
laryngeal papillomatosis (Dickens et al., 1991). Two HPV vaccines, namely the bivalent
Cervarix (serotypes 16 and 18; GlaxoSmithKline Biologicals) and quadrivalent Gardasil
(serotypes 6, 11, 16, 18; Merck & Co. Inc.) were approved in 2009 and 2006 respectively.
Given the young vaccine population and disease presentation predominantly in patients
over 40, there will be a significant lag time before the effect on virally-induced HNSCC can
be assessed.

The mechanism behind HPV-carcinogenesis centres on the transforming
oncoproteins E6 and E7, which are produced in actively dividing cells. These proteins
inactivate cellular p53 and Rb tumour suppressor proteins respectively (Loyo et al., 2013),
resulting in loss of tumour suppressor function and disruption of cell cycle control (Krupar
et al., 2014). HPV-positive disease is often distinguished from negative disease by the
presence of p16, a regulator of Rb which, as already discussed, inhibits CDKs 4 and 6,
allowing activation of the Rb pathway (Morgan, 1995; Serrano et al., 1993; Sherr, 1994).
There is an increased incidence of lymph node metastases and advanced stage at
presentation for HPV-positive disease but despite this, these patients have repeatedly
been shown to have improved disease-free and overall survival (Fakhry et al., 2008;
O’Rorke et al., 2012; Syrjanen, 2010). This is at least in part due to the improved disease
response to radio- and chemotherapy (Krupar et al., 2014). There are however an
‘intermediate’ risk group of patients within the HPV-positive group, often associated with
smoking history, and identifying patients in this group is of paramount importance (Ang et

al., 2010).

1.1.4 Tumour microenvironment in HNSCC

The high rate of treatment failure and local recurrence in HNSCC has brought about the
concept of ‘field change’ or ‘condemned mucosa’ (Slaughter et al. 1953), describing the
irreversible changes of epithelial, stromal and immune cells surrounding a tumour which
facilitates tumour growth and invasion, or new tumour foci development. This milieu,

together with the surrounding matrix, describes the tumour microenvironment and
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incorporates the model of a tumour representing a complex interplay between cancer

cells and these surrounding supportive cells (Fig. 1-1).

Cells Processes/Chemokines
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Figure 1-1. Simplified schematic representation of tumour microenvironment. Important
example processes and chemokines involved in tumour progression are displayed
on right of diagram and involved stromal cells on left. CAFs: cancer-associated
fibroblasts, TiLs: tumour infiltrating lymphocytes; TAMs: tumour associated
macrophages; EMT: epithelial-mesenchymal transition; MMP: matrix
metalloproteinases; ILs: interleukins; ROS: reactive oxygen species; TGF-$:
transforming growth factor B; VEGF: vascular endothelial growth factor; OXPHOS:
oxidative phosphorylation.

We have therefore moved away from the tumour being considered as a distinct
clinical entity to its surroundings, to a model where the tumour microenvironment is
considered as a vital, integrated component of the cancer. As alluded to in Fig. 1-1, the
microenvironment contains a number of different cell types including myofibroblasts (or
cancer-associated fibroblasts, CAFs) and their fibroblast precursors, smooth muscle cells,
endothelial cells, pericytes and a range of immunological cells including neutrophils,
basophils, eosinophils, mast cells, T- and B-lymphocytes, natural killer cells and antigen
presenting cells (APCs) (Koontongkaew, 2013). Numerous studies have demonstrated

important roles in promoting tumour progression for these associated cells, although
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most notably for CAFs and endothelial cells. More recently evidence is growing about the
role of a competent immune response on determining the prognosis of cancer with a
variety of reports finding dysfunctional circulating and tumour infiltrating lymphocytes in
HNSCC patients — potentially through defective T cell activation and/or function. A
reduction in function or number of CD8+ effector T cells may thus be a target for tumours
to exploit to evade host immunity (Pretscher et al., 2009). This ability to potentially alter
the host immune response may have important implications in our attempts to categorise
the differences in phenotype of HPV-positive disease. The presence of the oncogenic
proteins E6 and E7 in virally-induced HNSCC prompts an increased host immune response
and several studies report an increased number of tumour infiltrating lymphocytes (TILs)
in HPV-positive disease (Kong et al., 2009; Nasman et al., 2012; Russell et al., 2013). More
recently work from our group has demonstrated that TIL levels in the primary tumour
correlate with improved survival within an HPV-positive disease cohort (Ward et al.,
2014).

The mechanism behind this immunosuppressive effect is unclear. There are multiple
pathways involved in regulating immune response although interestingly, tumour
metabolism has been identified as a key player (Gottfried et al., 2012). For example, lactic
acid derived from glycolysis in tumours has been shown to suppress CD8+ T cells and
natural killer cell proliferation (Fischer et al., 2007; Mendler et al., 2012). Indeed
proliferating lymphocytes exhibit a preference for aerobic glycolysis much akin to
tumours and in a tumour’s vicinity they are therefore in a competitive environment with
the cancer cells for a glucose influx and lactate efflux (Fox et al., 2005). Krupar el al (2014)
demonstrated that the distribution of the GLUT1 transporter in HPV-positive and —
negative HNSCC correlated with CD8+ TIL patterns, adding further evidence to the
relationship between immune response and metabolism.

Fibroblasts are the most abundant cells in the tumour microenvironment,
responsible for secretion of a variety of structural proteins and cytokines. CAFs may
differentiate from fibroblasts, or from circulating mesenchymal stem cells recruited to the
tumour microenvironment (Xouri and Christian, 2010). They do in fact share many
characteristics with activated myofibroblasts (Schafer and Werner, 2008) and are
therefore fixed in an ‘active’ state, playing a role in tumour progression, invasion and
metastasis (Pavlides et al., 2009). They, like myofibroblasts, are defined by the

accumulation of a-smooth muscle actin (a-SMA) (Kawashiri et al., 2009; Tomasek et al.,
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2002) and in HNSCC are associated with dense collagen deposition and a desmoplastic
stroma, which provides a permissive environment for tumour growth (Chen et al., 2001;
Kunz-Schughart and Knuechel, 2002). As well as this influence on stromal composition,
CAFs have been demonstrated to produce a range of cytokines important in promoting
tumour cell motility including hepatocyte growth factor (HGF), CXCL12 and, notably, TGF-
B - a pleiotropic cytokine that correlates with increased tumour invasion through the
process of epithelial to mesenchymal transition (Leef and Thomas, 2013; Moustakas and
Heldin, 2012). Indeed Gaggioli et al (2007) described evidence suggesting that CAFs
enable remodelling of the extracellular matrix to lay pathways along which HNSCC
tumour cells can follow to invade. This may be through their ability to secrete matrix
metalloproteinases (De Wever et al., 2008; Orimo et al., 2005).

CAFs also have a potentially important role in tumour metabolism. Aerobic
glycolysis is a particular metabolic feature of tumour cells, proliferating lymphocytes and
myofibroblasts, with resulting production of lactate (Pavlides et al., 2009). An
interdependent relationship has therefore been proposed whereby cancer cells may
induce glycolysis in surrounding stromal cells such as CAFs/myofibroblasts (Vincent et al.,
2008). The resulting pyruvate/lactate produced could then be used as a high-energy
metabolite by the tumour cells via oxidative phosphorylation pathways. Curry et al (2013)
recently published evidence that this may be occurring in HNSCC. The process of aerobic
glycolysis and this inverse cancer-stromal metabolic hypothesis are known as the
‘Warburg effect’ and ‘Reverse Warburg effect’ respectively and will be discussed further

in Chapter 1.2.

1.15 TGF-P signalling

TGF-B is a pro-inflammatory pleiotropic cytokine that is involved in a wide variety of
biological functions. The cytokine has three known isoforms (TGF-B1, -B2, and -B3) (Patil
et al., 2011) with significant redundancy and their action is mediated through two
receptors (type | and type Il) (Massagué and Gomis, 2006). The functions of TGF-B are
diverse, with important roles in key cell processes such as proliferation, differentiation
and extracellular matrix (ECM) production (Kaminska et al., 2005) and the TGF-p paradox
is a reference to its ability to inhibit cell cycle progression in benign or early malignant
cells but switch to a promoter role in tumour progression and metastasis in established

cancer cells (Principe et al., 2014). This may be mediated either through reduced or
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altered sensitivity to TGF-B signalling, or an increased production/activation effect
(Wakefield and Roberts, 2002). Whilst deregulation of TGF- B expression or signalling has
been implicated in a variety of diseases (Kaminska et al., 2005), only its role in cancer will

be discussed here (Fig. 1-2).

Normal epithelium ¢ > Invasive cancer

Figure 1-2. The TGF-B paradox. The multiple functions of the cytokine TGF-f illustrate both
tumour suppressor and promoter activities. The switch in these functions, allowing
a permissive environment for tumour invasion is poorly understood. Figure
adapted from Wakefield et al (2002)

To understand the function of TGF-B in vivo we need to understand its mechanism
of activation, as the mature form of the cytokine, bound to its propeptide the latency-
associated peptide (LAP), is inactive (Gleizes et al., 1997). This complex, known as the
small latent complex (SLC), usually combines with associated latent TGF-B binding
proteins (LTBPs) to form the large latent complex (LLC) (Gleizes et al., 1997) which, via
covalent cross-links to matrix proteins, can be incorporated into the ECM (Taipale et al.,
1996). These bound complexes can therefore provide a pool of inactive TGF-p.

The mechanisms of release and therefore activation of the TGF-B molecule are
multiple and varied, although a significant number of the more recognised activators are
linked functionally to the ECM (Munger and Sheppard, 2011). Integrins, heterodimeric cell
surface adhesion and signalling molecules are important such activators and will be
discussed further in Chapter 1.4. LAP in the tumour stroma may therefore modulate
tumour behaviour through its interaction with integrins expressed by tumour cells
(Thomas et al., 2002). Upon activation of TGF-B, high affinity binding initially to TGF-BRII
occurs, which then results in phosphorylation of TGF-BRI to form an activated TGF-

receptor complex. The activated TGF-B receptor (TGF-B R1/R2) phosphorylates and
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activates the Smad2 and Smad3 proteins, which then bind to Smad4 before migrating to
the nucleus to regulate transcription (Blobe et al., 2000). Non-canonical pathways include
m-TOR, RhoA, Ras, MAPK, PI3K/AKT, PP2A/p70s6K, and JNK (Mu et al., 2012).

TGF-B1 signalling, via Smad recruitment and phosphorylation, has been shown to be a
potent mediator of epithelial-mesenchymal transition (EMT) (Valcourt et al., 2005; Zavadil
and Bottinger, 2005).

EMT is a process of cellular developmental transition from a polarised epithelial
phenotype to a highly motile mesenchymal phenotype (Yu et al., 2011). It has been cited
as a key process in embryogenesis, fibrosis as well as tumourigenesis (Huber et al., 2005;
Thiery et al., 2009), where it may instigate the onset of cancer cell migration and invasion
(Griinert et al., 2003; Thiery, 2002). The loss of E-cadherin is considered a crucial step in
EMT and is regulated by various transcription factors including Snail (Batlle et al., 2000),
Twist (Mani et al., 2008) and ZEB1 (Batlle et al., 2012; Sanchez-Tillé et al., 2011, 2010). A
wide variety of growth factors, signalling pathways and microenvironment conditions
such as hypoxia have been shown to induce EMT (Thiery et al., 2009). This cellular
reprogramming results in a reorganisation of cell-cell junctions and adhesion sites,
fundamentally affecting the cell’s physical behaviour and priming it for detachment from
an organised epithelial layer to ultimately migrate (Thiery et al., 2009). TGF-B1 signalling
is therefore fundamental to changes in the interactions between tumour cells and their

environment.

1.2 Tumour cell metabolism

Hanahan and Weinberg’s (2000) famous six hallmarks of cancer were amended in 2011 to
include deregulation of cellular energy metabolism and evasion of immune destruction.
However altered tumour metabolism is not a new concept. In the 1920s Otto Warburg, a
German physiologist and Nobel laureate, proposed that cancer cells metabolise more
glucose to lactate than regular cells (Warburg et al., 1926). However the resurgence of
interest in tumour metabolism has been encouraged, not only by the advance in research
technologies, but by a number of scientific and clinical observations (Dell’ Antone, 2012)

including:
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1) High sensitivity of *®FDG-PET imaging, showing glucose uptake by tumours, to
follow malignant disease progression.

2) Links demonstrated between cell death pathways and bioenergetic mechanisms.

3) Multiple metabolism genes affected by mutations in oncogenes.

Warburg’s initial theory of impairment of mitochondrial oxidative phosphorylation as
a cause for this effect has been shown to be an incorrect hypothesis (Kroemer and
Pouyssegur, 2008), not least by the demonstration that inhibition of glycolysis in tumours
allows for the restoration of mitochondrial oxidative phosphorylation (OXPHOS) (Jose et
al., 2011; Smolkova et al., 2011). However, the importance and reliance of cancer cells on
aerobic glycolysis has endured. Often talked about in conjunction with Warburg’s
observations is the Crabtree effect — the glucose induced inhibition of cell respiration in
proliferating tumour cells (Dell’ Antone, 2012). Cells require energy in the form of
adenosine triphosphate (ATP) molecules, derived from glucose. How this ATP is produced
depends on a variety of different pathways but in normal cells, the more efficient
respiratory, or OXPHOS pathway is employed, generating more ATP molecules (38) per
glucose molecule than glycolysis (4). The tricarboxylic acid (TCA or Kreb's) cycle generates
reduced nicotinamide adenine dinucleotide and flavin adenine dinucleotide (NADH and
FADH?2 respectively) from a pyruvate molecule. These are key electron donors that can
transfer eight high-energy electrons to the electron transport chain in mitochondria,
allowing the creation of an electrochemical proton gradient that ultimately results in ATP
production. Glycolysis however diverts this pyruvate to lactic acid by the enzyme lactate
dehydrogenase, generating NAD+ in the process (Kim et al., 2005). The cellular cytosolic
NAD+/NADH ratio is a crucial relationship to regulate metabolic homeostasis and cellular
redox state. Aberrations are often reflected by both normal physiological and
pathological bioprocesses (Bakker et al., 2001; Lin and Guarente, 2003; Ying, 2008). With
a free NAD+/NADH ratio of over 600 (Zhang et al., 2002) it is clear that small changes in
NADH concentration can dramatically affect this redox state. Thus conditions that
upregulate NADH levels by glycolysis will shift the NAD+/NADH balance significantly
(Heiden, 2009) and although the conversion of pyruvate to lactate oxidises the reduced
NADH, this is at a significantly slower rate than glycolysis.

In certain conditions such as hypoxia, or in specific locations such as brain, liver and
muscle, cells can be driven into a glycolytic dominant phenotype (Zheng, 2012). In these

situations, pyruvate is reduced to lactate by lactate dehydrogenase (LDH-A) in the
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cytoplasm and lactate is then excreted extraceullularly by monocarboxylate transporters
(MCTs) (Zheng, 2012). Cancer cells exhibit similar behaviour; they preferentially use
glycolysis for energy production, even in the presence of oxygen, a phenomenon known
as aerobic glycolysis. At first inspection this preference seems counterintuitive — reliance
on a less efficient glucose metabolic pathway. A number of possible explanations have
been proposed, attempting to explain this dependence on aerobic glycolysis, including:
1) highly efficient ATP production via OXPHOS would result in negative
feedback of the rate-limiting enzyme of glycolysis (phosphofructokinase 1
[PFK1]), as well as pyruvate kinase 1, ultimately resulting in the inhibition of
glycolysis (Zheng, 2012).

2) speed of ATP production in glycolysis is faster, which suits the rapid cell
proliferation in tumours (Pfeiffer et al., 2001).

3) tumours often exhibit hypoxic foci, and glycolysis result in a selective
growth advantage in these areas (Fantin et al., 2006)

4) the product of glycolysis, lactate, when released extracellularly results in
acidification of the microenvironment. This has been shown to enhance
both the invasion and metastasis of cancer cells (Gatenby and Gillies, 2008;
Vaupel, 2010).

5) with reduction in OXPHOS, less cytotoxic reactive oxygen species are
generated (Denko, 2008; Nogueira et al., 2008).

All the above likely contribute to the metabolic choice of cancer cells to varying
degrees in a location and tumour-type specific way. However the most convincing
hypothesis for the importance of aerobic glycolysis concerns a tumour’s requirement for
macromolecule biosynthesis. Both glycolysis and its associated pentose phosphate
pathway (hexose monophosphate shunt) act as sources of precursors essential for the
synthesis of RNA, DNA, phospholipids, fatty acids, cholesterol, and porphyrins (Pedersen,
2007) — all vital in rapidly growing and proliferating cells. This necessity therefore could
potentially explain how such high biosynthetic demands of cancer cells are met (Heiden,
2009). An early criticism was that exploitation of these biosynthetic pathways could result
in weakening and ultimately cessation of the TCA cycle but the recruitment and
metabolism of glutamine has since been shown to support this function through a
process called anapleurosis (Dell’ Antone, 2012). Following conversion of glutamine to

glutamate, its derivative a-ketoglutarate can then enter into the TCA cycle to propagate
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the process and provide further metabolic intermediates (Zheng, 2012). This mechanism
is supported by the finding that glutaminolysis is frequently elevated in cancer
(DeBerardinis and Cheng, 2010; Wise et al., 2008). A summary of the above pathways is
shown in Fig. 1-3.
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Figure 1-3. Glycolysis, the TCA cycle and biosynthesis. The key steps in ATP production in cells
are shown. Macromolecule biosynthesis pathways are highlighted in red boxes,
indicating the key precursors that can be exploited by a glycolytic dominant
phenotype in tumour cells.

Despite a marked interest in potential metabolomics therapeutics, there have been
failures in pharmacotherapeutic advances, not least due to the difficulty in translating
metabolic signatures in targets and also the risk of catastrophic changes through off
target alterations in metabolism of normal cells (D’Alessandro and Zolla, 2012). A greater
appreciation of the effects that a tumour’s metabolic preferences has on a cell’s
behaviour is therefore required, as well as identification of less diverse markers of a cell’s
metabolic profile that might lead to a more targeted approach for future therapeutic

strategies.
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1.3 COOH-terminal binding proteins

Cells are constantly reliant on the balance between key metabolic co-factors as well as
their environment to direct their energy pathways. It is therefore vital that they are able
to monitor these pathways and the cellular energy stores. We have already described the
importance of the NAD+/NADH ratio and the impact that changes in metabolism have
upon this redox state. It can therefore be considered as a readout of the metabolic state
of a cell (Krejci, 2012) and specific monitoring systems have evolved for a cell to detect
and respond to these changes. The carboxy-terminal binding proteins (CtBPs) are key
metabolic sensors and have been shown to have important functions in embryogenesis,
development and tumourigenesis (Chinnadurai, 2002).

CtBP1 was recognised first due to its interaction the C-terminus of adenovirus E1A
proteins (Boyd et al., 1993) and then later identified as a transcriptional repressor of
multiple targets. Further evidence suggested that CtBP1 was an antagonist of the
epithelial phenotype (Chinnadurai, 2009) and acted to suppress genes such as E-cadherin
through interaction with Zeb, a zinc finger transcriptional repressor (Grooteclaes and
Frisch, 2000). CtBP2 was discovered several years later by data bank sequence analysis
(Schaeper, Boyd et al. 1995). Encoded by genes located on chromosomes 4 and 10
respectively, CtBP1 and 2 have a number of different isoforms due to alternative RNA
splicing; for both CtBP1 and -2 these include long (CtBP1-L/CtBP2-L) and short (CtBP1-
S/CtBP2-S) isoforms, all with a highly conserved structure across species, and an
additional RIBEYE isoform for CtBP2 (Schmitz et al., 2000; Spano et al., 1999).

CtBP1 and CtBP2 transcripts are widely expressed in both adult tissue and during
development (Furusawa et al., 1999; Hildebrand and Soriano, 2002; Sewalt et al., 1999),
and appear to function interchangeably in certain functions, not surprisingly as they share
a reported 78% amino acid identity and 83% similarity (Katsanis and Fisher, 1998). Each
protein has a significant degree of homology between domains, consisting of a central
region with a NAD+-dependent dehydrogenase domain and a N-terminus containing
PXDLS (proline-any amino acid-aspartic acid-leucine-serine) domain, which can bind to
variety of transcriptional factors (Chinnadurai, 2002). The dehydrogenase domain has an
important role in promoting dimerisation between CtBP1 and CtBP2, stimulated by NADH
binding (Kumar et al., 2002; Nardini et al., 2003). NADH ligand binding has >100 fold

stronger affinity than NAD+ which is critical to its function in sensing redox changes (Fjeld
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et al., 2003; Zhang et al., 2002) and a homo or heterodimer has the potential to form a
complex containing two PXDLS-containing proteins (Bergman and Blaydes, 2006).

Two main functions have been assigned to CtBP proteins, namely that of
transcriptional regulation and also in regulating Golgi membrane maintenance (Bergman

and Blaydes, 2006), although we will focus primarily on the former.

1.3.1 Transcriptional regulation by CtBPs

The CtBPs are able to act as transcriptional corepressors to alter target gene expression
(Paliwal et al., 2006). Metabolic changes resulting from hypoxia, increased glucose
transporter expression and the Warburg effect, stimulates glycolysis resulting in an
accumulation of NADH. NADH ligand binding to the CtBP dehydrogenase domain triggers
a conformational change resulting in activation and dimerisation. This dimerisation is
crucial to the transcriptional repressive function, highlighted by a number of studies
where mutations inhibiting this binding resulted in ineffectual transcriptional activity
(Kumar et al., 2002; Kuppuswamy et al., 2008; Zhao et al., 2009). Homo- or heterodimers
can then form the base of large complexes incorporating other chromatic modifying
agents e.g. histone deacetylases [HDAC], histone demethylases [HDMs] and histone
methyltransferases [HMTs] as well as over 30 different transcription factors which are
required to link the CtBPs to their target gene promoters (Chinnadurai, 2009; Fig. 1-4).
Zeb proteins Snail and Slug are examples of well known transcription factors that are able
to recruit CtBPs to repress the expression of epithelial phenotype genes in mesenchymal

cells (Grooteclaes and Frisch, 2000; Peinado et al., 2004; Tripathi et al., 2005).
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Figure 1-4. CtBP targets in tumourigenesis. NADH-responsive CtBPs respond to increasing
glycolysis by dimerising and translocating to the cell nucleus for gene targeting.
Actual locations of monomers are more complex than illustrated due to differential
localisation between isomeric variants. The grouped targets shown have all been
demonstrated to be targets for transcriptional repression. Tiam1 however has been
shown to be activated by CtBP2 to promote tumour cell migration (Paliwal et al.,
2012); TFs — transcription factors; CMCs — chromatic modifying complexes.

1.3.2 CtBPs and cancer

With tumour cells exhibiting the Warburg effect to varying degrees, the response of the
metabolic sensors CtBPs to increasing NADH from glycolysis will play an important role in
regulating transcription. Little is known about the relevance of CtBP expression in
tumours although a recent genome-wide study has identified overexpression of CtBP1
and CtBP2 in colon, breast, and prostate cancers (Thomas et al., 2008). Similarly, elevated
nuclear CtBP levels have been shown to correlate with tumour progression in a variety of
malignancies, including breast (Di et al., 2013), head and neck and oesophageal cancers

(Deng et al., 2010; Guan et al., 2013).
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CtBPs may have an important role in promoting EMT and an invasive cell phenotype
by repressing important epithelial adhesion molecules such as E-cadherin (Chinnadurai,
2009; Thiery, 2002), and hypoxia plays a key role through this mechanism in vitro with
poor vascularisation, high glycolysis and increased free NADH enhancing recruitment of
CtBP to the E-cadherin promoter (Zhang et al., 2006). CtBP-mediated control of cell
migration can also function through the PI3K/Akt signalling pathway by regulation of the
tumour suppressor PTEN (Paliwal et al., 2007). The same group also demonstrated a link
between CtBP2 and T-cell lymphoma invasion and metastasis (Tiam1), a GTP exchange
factor promoting active GTPase state (i.e. activating Racl, cdc42, Rho) (Paliwal et al.,
2012). This was notable in that CtBP2 was shown to co-activate, not repress Tiam1
expression, recruiting to the Tiam1 promoter by the basic Kruppel-like factor 8 (KLF8)
transcription factor and accelerating colon cancer cell migration in vitro.

However CtBPs are not simply regulators of epithelial behaviour and motility; expression
profiling has revealed a number of other pro-apoptotic target genes such as Bax and Noxa
(Grooteclaes et al., 2003). Other tumour suppressor targets have also been identified
most notably the cell cycle inhibitors p16ink4a, p15Ink4b, which function through the Rb
pathway, and Ink4a/Arf (p14ARF) that stabilises p53 (Chinnadurai, 2009). Knockdown
experiment results indicating a CtBP1/2 repression of p16 have been confirmed by
demonstration of enhanced occupancy of CtBP at the p16 promoter in hypoxic conditions
(Mroz et al., 2008). Similarly, CtBP has been suggested to play a role in p15 repression,
most likely through a Zeb1-dependent repressor complex system (Liu et al., 2008). A final
notable target presented in the literature is BRCA1, whose protein product has important
cellular functions in DNA repair and cell cycle regulation. Evidence points to CtBP-directed
complexes playing a key role in BRCA1 transcriptional regulation in response to
environmental stimuli (Di et al., 2010).

CtBPs, through their function as redox and metabolic sensors, are able to link
cellular metabolic status to transcriptional regulation (Fjeld et al., 2003) and the wide
array of targets, especially the new evidence of involvement in EMT regulation, provide
potential mechanisms of how a cancer cell’s metabolism can directly affect the way the
cell moves and interacts with its environment. This means that targeting of this pathway
can potentially have a direct impact on tumour cell behaviour and indeed early work has

been promising with small cyclic peptide inhibition of CtBP dimerisation resulting in
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impaired mitotic fidelity and reduced proliferation of tumour cells in vitro (Birts et al.,

2013).

1.4 Integrins

The extracellular matrix (ECM) has an important role in the context of providing a
reservoir of bound proteins for the cell to exploit when appropriate stimuli are supplied.
The most important receptors used by cells to adhere to the ECM are integrins -
transmembrane structures that form both cell-cell and cell-matrix adhesion (Hynes,

2002).

1.4.1 Structure

There are 24 known integrins and they exist in a heterodimeric structure, composed of an
o- (18 types) and B-subunit (8 types). The specific combination of these subunits
determines the binding specificity; important ligands include laminins (a2B1, a3p1, a6B1,
a7B1), fibrillar collagens (a1B1, a2B1, a3B1, al0B1, al1pB1), fibronectin (a5b1, avb3,
ad4b1) and LAP (avB1, avp5, avp3, avB6 avB8) (Ludbrook et al., 2003; Takada et al., 2007).
The transmembrane structure of integrins means that they can link the ECM with the
intracellular actin cytoskeleton which, when considered with the binding specificity of the
extracellular domains, has important functional consequences. Integrins can adopt low-,
moderate- and high-affinity conformations, the latter of which is termed ‘activation’ and
can be mediated either by signals from inside the cell (inside-out signalling) or by
extracellular factors (outside-in signalling) (Margadant et al., 2011). This level of control
allows both intra- and extracellular signalling cascades to result in profound changes to a
cell’s behaviour and interactions with the ECM. For example, ligand binding to integrins
can result in their recruitment and clustering with the formation of an adhesion complex,
effects on cell adhesion and migration, and activation of a variety of proliferative and
survival cascade reactions (Campbell and Humphries, 2011). These clusters of integrins
are integral to the formation of adhesion complexes which mature in a stepwise manner
but include focal complexes, focal adhesions and fibrillar adhesions, the type determined
by time of formation/maturation and specificity of both integrins and recruited adaptor
focal proteins (Geiger and Yamada, 2011). Indeed integrins are unusual cell receptors as

they possess no inherent enzymatic activity but instead rely on spatial aggregation and
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recruitment of adaptor proteins at adhesion sites, which are able to propagate other
signalling pathways (Zaidel-Bar et al., 2004). Important ancillary functions such as
angiogenesis are also reliant on appropriate integrin signalling — for example av integrins
are overexpressed on endothelial cell surfaces and promote growth and survival of newly
formed vessels (Weis and Cheresh, 2011). With important roles in cell-cell adhesion and
cell-matrix interactions, it is not surprising that integrins have been implicated in

tumourigenesis and metastatic potential.

1.4.2 The role of integrins in cancer

Abnormal cell migration is a characteristic feature of metastatic cells (Clainche and
Carlier, 2008). Migration however depends on complex, dynamic interactions between
adhesion sites and the ECM — with adhesion formation and protrusion at the leading edge
and release of adhesions at the rear (Cox and Huttenlocher, 1998). Rate of formation or
release at each of these sites can therefore become rate-limiting to speed of migration
(Jay et al., 1995; Marks et al., 1991; Wessels et al., 1994).

In 2D assays, cell migration is often referred to as occurring in a biphasic pattern
with optimal migration occurring at moderate adhesion strengths — sufficient to allow
new adhesion formation but not rate limiting on release of rear adhesion sites
(Huttenlocher et al., 1996). Therefore integrin-ligand binding affinity and the strength of
ECM-cytoskeletal linkages through transmembrane integrin receptors will play a key
regulatory role in cell migration dynamics (Huttenlocher et al., 1996). Thus although
integrins in themselves are not oncogenic, elevated expression of certain heterodimers or
their activation are often associated with tumour growth, invasion and metastasis
through various mechanisms (Weis and Cheresh, 2011). For example avB3 expression is
associated with disease progression and poor prognosis in a range of cancers including
melanoma (Danen et al., 1994; Nip et al., 1992), pancreatic (Hosotani et al., 2002) and
breast (Felding-Habermann et al., 2001), potentially through angiogenic or matrix
metalloproteinase production (Bauer et al., 2007; Baum et al., 2007; Kikkawa et al., 2002).
Elevated avp5 signalling similarly promotes an invasive tumour cell phenotype (Klemke et
al., 1994; Ricono et al., 2009). Integrin avp6 has received significant attention in recent
years due to its relatively restricted expression to cells involved in remodelling and
healing, including most notably in malignant cells (Breuss et al., 1995; Clark et al., 1996).

For example Thomas et al (2001) found increased expression of this integrin in malignant
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keratinocytes and this promoted invasion in an MMP9-dependent manner; upregulation
of avp6 has also been shown in both pre-malignant and oral tumour samples (Hamidi et
al., 2000). Indeed increased avp6 expression has now been reported in multiple tumour
types including oral, colon, breast and cervical carcinomas (Arihiro et al., 2000; Elayadi et
al., 2007; Hazelbag et al., 2007; Sipos et al., 2004). B1 integrins have also shown relevance
in tumour progression, with studies demonstrating inside-out activation of B1 integrins
promotes tumour cell extravasation and colonization (Kato et al., 2012) and upregulated
B1 expression in HNSCC has been reported by a number of authors (Koivisto et al., 2000;
Van Waes et al., 1995; Wang et al., 2012). Whether this is subunit dependent is less clear,
as Dos Santos et al (2012) recently presented that poorer prognosis in breast cancer
patient is associated with overexpression of all B1 integrins rather than a particular

heterodimer class. This observation is likely tumour type dependent.

1.4.3 Focal adhesions

Adhesion complexes are heterogeneous and complex structures with a variety of sizes,
morphologies, locations and components and have an important role in determining cell
behaviour (Geiger and Yamada, 2011). Integrins play a central role in their formation and
structure and mediate the formation of a structural link between the ECM and
cytoplasmic actin cytoskeleton (Hynes, 1992). However the recruitment of focal adhesion
adaptor proteins are also a vital part of the ‘adhesome’ providing either mechanical
strength or mediating intracellular signalling (Critchley, 2000). By studying the
components and integrin specificity of different focal contacts, as well as their location, it
has been shown that adhesion sites can be broadly divided into different groups (Zaidel-
Bar et al., 2004; Fig. 1-5). Along the cell periphery, usually associated with motile cells
that exhibit protrusions and lamellipodia, small adhesions to the ECM form known as
focal complexes. By their nature they are transient connections but the aggregation of 3-
integrins are a key component, as well as variable accumulation of other actin binding
proteins (e.g. vinculin, paxillin). They also mediate signals that promote actin
polymerization (Alexandrova et al., 2008). At these peripheral sites, Rho activation or
mechanical tension results in maturation of the adhesion sites into focal adhesions
(Ballestrem et al., 2001; Galbraith et al., 2002; Rottner et al., 1999), although as they

mature they can be found increasingly at central sites as well. These sites are highly
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tyrosine phosphorylated but contain the same integrin and adaptor protein constituents
as their precursors (Zamir et al., 1999). However, in keeping with their more mature and
active role, there is recruitment of Talin — an adaptor protein crucial for integrin
activation that has been shown correlate with an aggressive disease phenotype in HNSCC
(Lai et al., 2011) and prostate cancer (Sakamoto et al., 2010). There is also variable
recruitment of focal adhesion kinase (FAK) and integrin-linked kinase (ILK), which mediate
intracellular signalling cascades e.g. PI3K. The regulation of signalling pathways through
focal adhesions is an interesting area of current research. Finally at central cell locations
fibrillar adhesions form, associated with recruitment of a5B1 integrin and fibronectin
fibrils and the protein Tensin. Both Tensin and Talin bind to B-integrin tails although their
recruitment is temporally distinct, mirroring the temporal relationship between focal
adhesion and fibrillar adhesion formation (Legate and Fassler, 2009) — Talin’s major role
as previously mentioned is with the early activation of integrins (Zaidel-Bar et al., 2003)
whereas Tensin is only found at very mature focal adhesions and fibrillar adhesions where
it has been proposed to have a more important signalling role (Katz et al., 2000; Legate
and Fassler, 2009). The relationship between Talin or Tensin binding, through
phosphorylation of B integrins, has prompted the hypothesis that a regulatory switch
therefore exists between a structural/activating complex or signalling complex

(Mccleverty et al., 2007).
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Figure 1-5. Types of adhesion site complexes. The stages illustrated demonstrate a general left
to right maturation process, although recruitment of different adaptor proteins
confers important structural and signalling properties to the adhesion sites. (FN =
fibronectin; ECM = extracellular matrix; Tyr-phos = tyrosine phosphorylated;
Arp2/3 = actin-related protein 2/3; P = phosphate group).

It is therefore evident that the different types of focal adhesions provide not only a
base for structural adhesion to the ECM to provide traction forces, so important in
migrating cells, but temporal recruitment of important proteins such as Tensin provide a
key role in mature focal adhesion formation and signalling pathways. These adhesions
therefore are critical to allow a cell to move and interact with its environment and are

therefore likely to have an important role in tumourigenesis.
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1.5 Tensin

1.5.1 Structure and function

The first Tensin cDNA sequence was isolated from chicken by Davis et al. (1991) and
allowed characterisation of the protein’s structure and function. Evidence has since
emerged to suggest that the Tensins are an important protein family linking the ECM, the
actin cytoskeleton, and signal transduction. Tensins are recruited to fibrillar adhesions
associated with B1 integrins, and also with mature focal adhesions in association with
avf3 integrin (Katz et al., 2000; Zaidel-Bar et al., 2003). The integrin interaction does not
appear to require tyrosine phosphorylation (Katz et al., 2007). Both Tensin and Talin have
also been shown to bind to B3-, B5- and B7-integrin tails (Calderwood et al., 2003, 1999;
Mccleverty et al., 2007). Indeed these studies suggested that the phospho-tyrosine
binding (PTB) domain of Tensins bind to the cytotails of B3 and B5 far better than to the
B1 cytotail in vitro. Tensins broadly comprise three important functional sites: an N-
terminus with actin binding sites to connect with the cytoskeleton, a central domain with
F-actin barbed end capping function (in Tensin-1), and a C-terminus containing both a Src
homology 2 (SH2) domain mediating binding to a wide range of signalling proteins e.g.
PI3K, p130Cas, FAK (Auger et al., 1996) and a phosphotyrosine binding domain (PTB)
which recognises ligands that possess an NPxY motif e.g. B-integrin tails (Chen and Lo,
2003). In the case of p130Cas, this has been shown to be affected by Src activity (Qian et
al., 2009). Indeed there is growing evidence that many focal adhesion adaptor proteins,
including Tensins, are not just structural proteins but play an important role in mediating
inside-out and outside-in signal transduction pathways (Chan et al., 2015).

Four members of Tensin family have now been identified — Tensin-1, -2 and -3
(TNS1, 2 and 3) as well as Tensin-4 (TNS4 or CTEN). TNS1-3 possess high sequence
homology of both their N and C terminals. CTEN however lacks the actin binding domain
which has important proposed consequences on its function (Chen et al., 2002; Lo and Lo,
2002) (Fig. 1-6). The TNS4 gene localizes to chromosome 17q21, a region frequently
deleted in prostate cancer (Gao et al., 1995; Williams et al., 1996). The promoter region
of 327-bp around exon 1 has been identified, containing a p63 binding site (Chen et al.,
2013).
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Figure 1-6. Functional organisation of Tensins. A non-homologous central domain (CD), Src
homology 2 (SH2) domain and phosphotyrosine-binding (PTB) domain are
conserved between proteins. The SH2 domain permits binding to tyrosine-
phosphorylated proteins, examples of which are illustrated. The PTB domain
permits binding to any structures containing an NPxY motif. Barbed-end capping
function is unique to Tensin-1 whereas a protein kinase C conserved region 1 (C1) is
unique to Tensin-2. (Adapted from Lo, 2004)

Knockout mice have been developed for TNS1 indicating that it is important for
normal renal function, with Tensin-null mice developing severe nephronophthisis and
tubular disease (Lo et al., 1997). A TNS2 deletion mutant exhibits severe proteinuria and
glomerulosclerosis (Cho et al., 2006) whereas inactivation of TNS3 in mice resulted in
growth retardation and postnatal lethality in one third of the homozygous mutants, with
incomplete development of small intestine, lung, and bone highlighted at a histological
level (Chiang et al., 2005). The authors proposed that TNS3 might play an important role
in cell adhesion at a specific early developmental stage in these tissues. The tissue
distribution and knockout phenotype of CTEN has not yet been reported. Both TNS3 and
CTEN demonstrate minimal expression in normal tissues including breast, heart, lung,
liver, pancreas, ovary, and colon with CTEN in particular having highly restricted
expression to the prostate and placenta (Lo and Lo, 2002; Maeda et al., 2006). However,

expression profiles in tumour tissue have demonstrated important features.
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1.5.2 The role of Tensins in cancer

When considering both the localisation of Tensins to focal adhesions as well as their
constituent binding sites to both integrins (via PTB domain) and oncogenic ligands (SH2
domain), it is not surprising that they have been shown to have an important role in the
tumour phenotype. Although the dysregulation of focal adhesion complexes is one
recognised mechanism behind the ability of cancer cells to metastasise (Liao et al., 2007),
a clear role or mechanism of action in oncogenesis for Tensins has not been elucidated
and findings appear tumour type-specific. For example, although TNS1 overexpression
promotes cell migration (Chen et al., 2002), it was not expressed in either breast or
prostate cancer cell lines (Chen et al., 2000). Similarly, splice variants of TNS2 exhibited
opposite effects on cell growth and transformation (Yam et al., 2006). TNS3 has had
similarly variable experimental results in vitro; in melanoma cell lines TNS3 has been
shown to both increase (Qian et al., 2009) and decrease (Martuszewska et al., 2009) cell
migration. In addition the former cited paper also demonstrated that TNS3 maintained
the oncogenic growth properties in cell lines from non-small cell lung carcinoma and
breast cancer in a range of cell assays where as Martuszewska et al (2009) showed in vivo
reduced expression of TNS3 in renal tumours.

CTEN has been more extensively investigated as a potential tumour marker in the
literature, even though early reports demonstrated down-regulation in the majority of
prostate cancer cell lines (Lo and Lo, 2002), paclitaxel resistance increased following
knockdown (Li et al., 2010) and forced expression in a breast cancer cell line had no
significant effect on cell behaviour (Lo et al., 2005). Katz et al’s (2007) seminal paper
demonstrating a reciprocal switch between the two proteins TNS3 and CTEN in an EGF-
driven mammary cell model has formed the basis of many of the recent hypotheses
behind the pro-oncogenic effects of CTEN. This group initially identified TNS3 and CTEN as
potentially key proteins in cell migration and adhesion from a reciprocal expression
change in a geneset analysis following EGF stimulation, with TNS3 mRNA expression
reducing and CTEN increasing significantly. Indeed they reproduced the displacement of
TNS3 from focal adhesion sites by forced expression of CTEN and, together with Tensin’s
ability to bind the cytoplasmic tail of B1 integrins, they hypothesised that the lack of actin
binding domain in CTEN would result in this Tensin switch breaking the link between the

ECM and actin cytoskeleton, facilitating cell movement (Fig. 1-7). In addition, in vivo
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relevance was demonstrated by showing positive correlations between CTEN expression
and both breast tumour grade and lymph node metastases. However the evidence for
this switch has not been consistent across different cell lines. For example in colorectal
cancer cell lines, variable expression of TNS3 tended to reflect the co-expression levels of
CTEN at the protein level. (Thorpe et al., 2015).

More recently the CTEN-SH2 domain has also been shown to interact with and
stabilise phosphorylated MET, an upregulated tyrosine kinase receptor signalling pathway
in the majority of solid cancers, as well as stabilising B1 integrins (Muharram et al., 2014).
Chan et al. (2015) also demonstrated a progressive up-regulation of CTEN expression
following EGF treatment and this resulted in a morphological change to a mesenchymal-
like elongated shape, although a direct causative role of CTEN to this effect was only
suggested. Their results indicated that in hepatocellular carcinoma, CTEN was a
downstream target of ERK kinase and promoted cell proliferation and migration. EGF is
not the only growth factor implicated in the regulation of Tensin expression. Other factors
and cytokines including fibroblast growth factor (FGF2), nerve growth factor (NGF),
insulin-like growth factor (IGF-1), transforming growth factor B (TGF-B) and interleukins 6
and 13 (IL6, IL13) induced CTEN expression in human prostate and colon cell lines (Hung
et al., 2014). The inconsistencies and numerous proposed CTEN signalling pathways and
mechanisms of action suggest diverse roles in different tissue types and support an

organ/system based focus for further investigation.

27



Chapter 1

Tensin 3
Fibrillar 7~
adhesion
Focal Focal adhesion EGF
complex CTEN

Figure 1-7. Reciprocal Tensin switch. In a mammary cell model, EGF stimulation resulted in
displacement of Tensin-3 by CTEN. The latter protein’s absent actin binding domain
disrupts ECM-cytoskeletal linkage, which has important implications for cell
migration. Adapted from Katz et al (2007)

Over the past few years CTEN has been shown to positively regulate cell migration
in a variety of cell lines and increased expression has been demonstrated in a large
number of tumour types including gastric, colorectal, lung, skin, thymoma and pancreatic,
associated in the majority of cases with advanced stage and aggressive disease (Al-
Ghamdi et al., 2013, 2011; Albasri et al., 2011a; Albasri et al., 2011b; Li et al., 2010; Liao et
al., 2009; Sakashita et al., 2008; Sasaki et al., 2003; Sjoestroem et al., 2013). The
importance of CTEN expression in head and neck cancer has not been studied and the
mechanism of its oncogenic role has not been clarified.

The relevance of CTEN as either a marker for, or causative of tumour development
is still under debate. A variety of cytokines upregulated by the RAS-Raf-Mek, PI3K-Akt and
Stat3 pathways result in increased CTEN expression, including EGF, FGF2, PDGF, TGF-
and interleukins-6 and -13 (Al-Ghamdi et al., 2011; Barbieri et al., 2010; Hung et al.,
2014). Interestingly hypoxia also resulted in upregulation of CTEN in a peripheral blood
lymphocyte study (Brooks et al., 2009), although no link has yet been established
between Tensin expression and cancer cell metabolism. However, a number of

mechanisms for CTEN-induced pro-oncogenesis have also been proposed. CTEN both up-
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regulates ILK (integrin linked kinase) (Albasri et al. 2011b) and reduces E-cadherin
expression at the post-transcriptional level, positively regulating cell migration (Albasri et
al., 2009). The SH2 domain of Tensins binds to the Rho GTPase-activating proteins
(RhoGAPs) deleted in liver cancer 1 (DLC1) and DLC3, to the kinase PDK1, to the adaptor
Dok2 (Qian et al., 2007; Wavreille and Pei, 2007) and potentially also to PI3K, although
there is debate about whether this is through an indirect mechanism (Legate and Fassler,
2009; Wavreille and Pei, 2007). The localisation of DLC1 to focal adhesions has been
investigated recently; the rhodopsin (Rho) family of small GTPases (RhoA, Racl and Cdc42
being the most studied) vary between activation states depending in turn on the activity
of guanine nucleotide exchange factors (GEFs) or GTPase activating proteins (GAPs) which
promote an active or inactive form respectively. DLC1 is one such GAP which is recognised
as a tumour suppressor (Durkin et al., 2007) and therefore loss of expression is often
found in solid tumours (Wong et al., 2003; Yuan et al., 2003). In mammary cell lines, both
TNS3 and CTEN were shown to have distinct opposite effects on RhoA activity with TNS3
activating DLC1 GAP function whereas CTEN had the converse effect, positively regulating
RhoA activity and cell migration (Cao et al., 2012). However although hemizygous
deletions of the DLC1 locus are observed in HNSCCs, sequencing studies of a cancer
cohort revealed that this gene is unlikely to be primary target for inactivation in this

disease (Hewitt et al., 2004).

1.6 Summary and aims

Head and neck cancer is genetically heterogeneous but a number of pathways and
components of the tumour microenvironment have been shown to be important in
tumour progression. The rise of virally induced tumours has further complicated the
tumour landscape. Tumour stage and locoregional spread at disease presentation are
critically important to prognosis and therefore studies of cell migration, focal adhesions
and integrin signalling are vital to further our understanding of this disease. Despite
potential involvement in all of these cellular processes, CTEN is under researched and its
biological functions unclear, despite the growing evidence for overexpression in a variety

of human cancers.
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In addition, tumour cell metabolism is receiving increasing research attention due
to the clinical impact made by surrogate markers of glycolysis such as FDG-PET; the
potential for both novel biomarkers and targets for pharmacological interventions
however at present remain largely unanswered. Evidence is starting to emerge that
cancer cells not only direct metabolic pathways to optimise both energy production and
macromolecule production, but also that this unique metabolism may fundamentally
affect how a cell behaves, moves and interacts with the microenvironment. We will

therefore explore any potential links between cell metabolism and cell motility.

1.6.1 Hypothesis

CTEN overexpression plays an important role in the tumour potential and behaviour of

head and neck cancer cells.

1.6.2 Aims

1) Determine the clinical relevance of CTEN in a large HNSCC tumour database with
clinicopathological parameters.

2) Explore the effect of CTEN on in vivo models and utilise next generation
sequencing to identify biological processes of relevance to help direct functional
in vitro investigations.

3) Identify any potential links between CTEN and tumour metabolism

4) Investigate the metabolic profile of HNSCC in both HPV-positive and HPV-
negative disease to help identify any potentially novel therapeutic targets in this

disease.
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Chapter 2: MATERIALS AND METHODS
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2.1 Cell culture

2.1.1 Cell culture

Cell culture techniques were performed in a laminar flow hood, routinely sterilised prior
to use with 70% ethanol. Gloves and laboratory coat were worn at all times as standard.
All tissue culture reagents and media were stored at either 4°C or -20°C and sterilised
using a 0.22um filter system (Millipore) with a vacuum driver pump, and are listed in

Appendix A. Reagents were warmed to 37°C in a water bath prior to cell culture use.

2.1.2 Cell lines

All cell lines utilised in this work are mammalian cell lines, predominantly from head and
neck origin. All cell lines were regularly tested for mycoplasma contamination using PCR —
no contaminated cell lines were identified or included; cells were grown in a humidified
environment with 5-10% CO, at 37°C.

The following cell lines were used in this study:

Head and neck:

5PT - cisplatin-resistant subline derived from a tumour of supraglottis (primary site).
BICR6 - adherent keratinocyte cell line derived from a squamous cell carcinoma of the
hypopharynx of a Caucasian male.

DETROIT 562 - derived from pleural fluid of an adult female with primary carcinoma of the
pharynx. The cells have the type B glucose-6-phosphate dehydrogenase.

H357 - established from a squamous cell carcinoma (SCC) of the tongue (20mm) of a 74
year-old male patient.

IC6pr - H357 retrovirally transfected with two empty vectors (a negative control for VB6
cell line).

SCC25 — Immortalised cell line derived from a tongue squamous cell carcinoma in a 70-
year old male patient. Stably resistant to cisplatin.

UD-SCC-2 and UPCI:SCC90 —immortalised cell lines derived from the upper aerodigestive
tract from suspected HPV-derived tumours. Kindly supplied by Susanne M. Gollin
(University of Pittsburgh, USA; shortened to SCC2 and SCC90 respectively in results)

VB6 - H357 retrovirally transfected with av and then with B6 cDNA.
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Other:

BxPC3 — immortalised human primary pancreatic epithelial adenocarcinoma cell line
derived from a 61-year-old female with a primary pancreatic adenocarcinoma

Capan-1 —immortalised human primary pancreatic epithelial adenocarcinoma cell line
derived from a 40-year-old male with a primary pancreatic adenocarcinoma

DLD1 — epithelial cell line derived from a Dukes' type C colorectal adenocarcinoma in an
adult male patient

Flol - FLO-1 was established from a distal oesophageal adenocarcinoma in a 68 year-old
Caucasian male in 1991.

OE21 - OE21, also known as JROECL21, was established in 1993 from a squamous
carcinoma of mid oesophagus of a 74 year-old male patient. The tumour was identified as
pathological stage IIA (UICC) and showed moderate differentiation.

Panc0403 — immortalised human pancreatic epithelial adenocarcinoma cell line derived
from a primary tumour removed from the head of the pancreas of a male with pancreatic
adenocarcinoma.

MCF7 - Breast adenocarcinoma cell line derived from metastatic deposit.

MLEC — mink lung epithelial cells are stably transfected with an expression construct
containing a truncated plasminogen activator inhibitor type-1 (PAI-1) promoter fused to
the firefly luciferase reporter gene resulting in TGF-B responsive dose-dependent
luciferase activity.

HFFF2 — human fetal foreskin fibroblasts derived from a 14-18 week old human fetus.

A full alphabetically listed inventory of cell lines can be found in Table 2-1 together with
their culture media conditions. All cell lines are human origin unless otherwise stated. All
media contains 10% fetal bovine serum and 2mM L-Glutamine. Medium does not include

antibiotics or antifungals unless otherwise stated.
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Cell line

Origin (reference)

Medium

5PT

Cisplatin- resistant subline derived
from a tumour of supraglottis
(larynx, primary site). (Bauer et al.,

2005)

KGM

BICR6

Hypopharyngeal squamous cell

carcinoma (Edington et al., 1995)

KGM

BxPC3

Pancreatic adenocarcinoma (Loor et

al., 1982)

KGM

Capan-1

Pancreatic ductal adenocarcinoma

(Fogh et al. 1977)

DMEM

DETROIT 562

Derived from pleural fluid of an adult
female with primary carcinoma of
the pharynx. The cells have the type
B glucose-6-phosphate
dehydrogenase. (Peterson et al.,

1971)

DMEM

Flol

Oesophageal adenocarcinoma

(Hughes et al., 1997)

KGM

H357

Squamous cell carcinoma of tongue

(Prime et al., 1990)

KGM

HFFF2

Foreskin fetal fibroblast derived from

a 14-18 week old human foetus

DMEM

IC6pr

H357 retrovirally transfected with
two empty vectors (a negative
control for VB6 cell line) (Thomas,

Lewis et al. 2001)

KGM

35



Chapter 2

Breast adenocarcinoma cell lines
MCF7 (derived from metastatic site) (Soule |[DMEM
et al., 1973)
Mink origin: Lung epithelium (Abe et |DMEM + 400g/ml
MLEC
al. 1994) Geneticine
Oesophageal squamous cell
OE21 RPMI
carcinoma (Rockett et al., 1997)
+ codi
Pancreatic adenocarcinoma (Thu et RPMI + sodium
Panc0403 1
al,, 2014) pyruvate (1ImM),
insulin (0.2units/ml),
Oral keratinocytes derived from an
HAM’s F12: DMEM
SCC25 SCC of the tongue (Rheinwald and 1:1)
Beckett 1981)
UD-SCC-2/ Upper aerodigestive tract, HPV-
DMEM
UPCI:SCC90 positive SCC (Nagel et al. 2013)
H357 retrovirally transfected with av
VB6 and then with f6 cDNA (Thomas, KGM
Lewis et al. 2001)

Table 2-1. Description of cell lines used and growth media requirements.

2.13

Cells were maintained as an adherent monolayer in sterile tissue culture flasks (Falcon) in

5-10% CO, humidified incubators at 37°C. At 80-90% confluency existing culture medium

Subculturing cell lines

was aspirated and the monolayer was washed with Phosphate Buffered Saline (PBS;

Sigma Aldrich) to remove any residual serum. After removal of PBS wash, 0.05% trypsin/
5mM EDTA solution (PAA) was added and flasks were returned to the incubators for a cell
line-dependent period of time to allow for detachment. At this point serum-containing

medium was added to inactivate trypsin and cell suspension aliquots were then added to

a new flask containing fresh medium at a ratio of 1:3-1:10, dependent on growth rate.
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Subculturing was performed twice weekly. Media and solutions used in this study are

listed in Appendix A.

2.14 Mycoplasma screening

All reconstituted cell stocks were routinely tested for mycoplasma contamination.
Following a minimum of two cell culture passages, supernatant (10mls) from cells was
collected and centrifuged at 4500rpm for 10min. Excess supernatant was discarded and
mycoplasma PCR detection was performed on the remaining 500l sample. A 1pl
representative sample was used as the template for the PCR. Details of primers, master

mix composition and cycling conditions are described in Appendix F.

2.15 Maintenance and recovery of cell stocks
2.15.1 Cryopreservation

For stock maintenance, cells (approximately 1x10%/ml) were stored in liquid nitrogen in
the presence of a cryopreserving agent (dimethyl sulfoxide [DMSO]) to prevent formation
of ice crystals and preserve cell integrity. Cells in log phase were pelleted and re-
suspended in normal growth medium containing 10% DMSO (Sigma Aldrich). Cell
suspension was then pipetted into labelled cryovials (1ml/vial) and placed in an insulated
polycarbonate freezing container (“Mr. Frosty, Nalgene®) prior to overnight storage at
-80°C. Vials were transferred the next day to -196°C vapour phase of liquid nitrogen for

long-term storage.

2.1.5.2 Thawing (reconstitution) of cell stocks

Cryovials were removed from the liquid nitrogen freezer and rapidly placed in a water
bath at 37°C until almost fully thawed. Following transfer to a laminar flow hood, the cell
suspension was then pipetted into a 15ml falcon tube containing pre- warmed medium
and centrifuged at 1250rpm for 3 minutes at room temperature. The supernatant was
aspirated, cell pellet re-suspended in fresh medium and transferred into a 25cm? tissue
culture vessel. Once cells had adhered, medium containing dead cells was removed the
following day and fresh medium replaced to allow an adherent monolayer to develop

prior to routine sub-culturing. Cells were allowed to grow for at least a week and
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passaged twice before routine mycoplasma screening was performed and before they

were used in experiments.

2.1.6 Cell counting

Cell counting was performed utilising a CASY automated low voltage counting system
(Innovatis AG, UK/Roche Diagnostics GMBH). Following trypsinisation and preparation of
a cell suspension for counting, 20ul of this suspension was added to 10ml of filtered
isotonic buffer Casyton (Roche Diagnostics). By comparison, in functional experiments
(e.g. migration, invasion assays) for the end-assay count, 500ul suspension was added to
9.5mls Casyton. A measuring capillary was then immersed in this new diluted sample and
drawn up automatically to pass through two platinum electrodes, which create a low
voltage field. The resistance created by an intact cell membrane passing through this field
is converted to an electric signal, and distinct from damaged/dead cells which were
excluded. This recorded signal is then converted to a cell count, adjusted for cell
aggregation and original cell suspension dilution to give a cell count. This is automatically
repeated three times resulting in the software supplying a final average cell count. All cell

counts were performed using this method.

2.2 Protein expression

2.2.1 Western blotting
2.2.1.1 Cell Lysis

Cell lysis was performed on ice in NP40 lysis buffer (Appendix A) containing protease
inhibitor cocktail (protease inhibitor cocktail set I; Calbiochem, Merk Chemicals). For cells
plated in 6-well plates or dishes, cells were washed twice with ice-cold PBS, 40ul-100ul of
NP40 buffer mix was added and cells collected with a cell scraper and transferred into an
eppendorf. If in a cell suspension, cells were centrifuged into a pellet, excess medium was
removed and lysis buffer was added directly to this tube. Forceful pipetting was used to
thoroughly mix buffer and cells and the resulting lysate was left to incubate on ice for 5
minutes. A 10-minute 13,000rpm centrifugation at 4°C was then performed before the
supernatant was transferred into a new microcentrifuge tube for immediate analysis or

storage for short (-20°C) or long-term (-80°C) basis.
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2.2.1.2 Protein quantification

Protein concentration was measured using the Bio-Rad DC protein assay kit (Bio-Rad)
according to the manufacturers instructions. This colorimetric assay is based on the Lowry
assay and depends on a protein-copper tartrate reaction in alkaline solution, and the
subsequent reduction of Folin reagent by the products of this reaction over the course of
10-15 minutes. The resulting degree of blue colour can then be read on a
spectrophotometer at 650nm absorbance.

Bovine serum albumin (BSA, Sigma-Aldrich©) protein standards were made in NP40
buffer to create a standard curve and this was performed prior to every assay. 5ul of BSA
standard or protein sample were added to separate wells of a 96 well plate. 20ul reagent
S (surfactant solution) and 980ul reagent A (alkaline copper tartrate) were combined and
25ul of this new ‘reagent A*’ was added to each well. Finally 200ul of reagent B (Folin)
was added to the wells and a 10-15 minute room temperature incubation was performed
before the plate was read on a spectrophotometer (BD Biosciences) at 650nm
absorbance. Plotting the standard curve gradient allowed extrapolation and
determination of the unknown protein sample concentrations on Excel (Microsoft® Excel®

for Mac, 2011).

2.2.1.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Samples with equal protein concentrations as determined by the prior assay were
separated under reducing conditions in SDS-PAGE. Cellular proteins were separated
according to their molecular weight using a polyacrylamide gel mounted in a vertical gel
electrophoresis apparatus system (Mini Trans-Blot® Cell, Bio-Rad, UK). Polyacrylamide gel
mixture of a desired percentage (Appendix A) was hand-cast by pouring in between a
glass and a spacer plate (1.5mm thick), locked into a casting stand, and allowed to
polymerase for 30-40 minutes at room temperature. A water layer was added to avoid
dehydration, which was removed prior to casting of the stacking gel component. This
involved adding 2ml of a 4% stacking gel on top of the polymerised resolving gel and
inserting a 10 well comb for the second polymerisation stage (20-30 minutes). At this
point, the combs were removed and the gels were placed in an electrophoresis tank,
which was filled with a running buffer (Appendix A). Cell lysates were boiled at 95°C for
10 mins in the presence of Laemmli buffer containing 5% B-mercapthoethanol then

centrifuged and loaded into the individual wells of the stacking gel using capillary
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disposable pipette tips. A pre-stained protein ladder (Fermentas) was loaded in parallel
wells. The gel was then run for approximately 90 minutes at 150 volts until sufficient
protein migration has occurred, indicated by the visible migration of the molecular weight
marker. Following completion the gels were carefully removed in preparation for transfer

and the apparatus disassembled and cleaned.

2214 Immunoblotting

This involved transferring proteins from the gel to a specialised polyvinylidene difluoride
(PVDF) membrane. The membrane facilitates high binding efficiency of electroblotted
material in the presence of SDS in transfer buffer. Protein transfer was performed using
Mini PROTEAN® Tetra electrophoresis system (BIO RAD). Firstly PVDF membrane
(Millipore) was activated with 100% methanol, washed in distilled water and then
incubated at room temperature in transfer buffer (Appendix A). After running, the gel was
removed from the glass plates and together with the membrane it was sandwiched
between two stacks of filtered 100% cotton paper (Whatman) and fibre pads in a gel
holding cassette, all soaked in transfer buffer. The cassette was placed in direct contact
with plate electrodes in a transfer chamber filled with transfer buffer, together with an
intra-chamber icebox, and peri-chamber ice packing to prevent over-heating. The protein
transfer process was run at 80 volts for 80 minutes.

After completion, the membrane was incubated at room temperature on a rocking
plate in blocking solution (5% non-fat dry milk, 0.1% PBS-Tween) for 1 hour to prevent
non-specific binding. Following a 5 minute wash in PBS-Tween solution (0.1%), the blots
were incubated in primary antibody overnight at 4°C. The following day, the membrane
was washed three times for 10 minutes in 0.1% PBS-Tween and then incubated with HRP
- conjugated secondary antibody (Invitrogen) raised against the corresponding host
primary antibody species in a blocking solution for 1 hour at room temperature. After a
final triplicate wash in 0.1% PBS-Tween a chemiluminiscent substrate (SuperSignal West
Pico Chemiluminiscent Substrate; Thermo Scientific) was added onto the membrane.
Detection was performed using ChemiDoc™ software (BIO RAD). If required, re-blotting
was preceded by a 15-20 minute incubation with stripping buffer prior to further antibody
incubation. HSC70 was routinely utilised as a loading control. A range of antibodies used

in this study are listed in Appendix A.
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2.3 Gene silencing

2.3.1 siRNA interference

All siRNAs used in this study are listed in Appendix A. All commercially available siRNAs
were resuspended upon delivery in DEPC (diethylprocarbonate)-treated water to a 20um
stock solution, aliquoted and stored at -20°C until use. For the transfection process, cells
were initially plated in 6-well plates (Falcon) at 5x10*/ well in standard growth medium
and allowed to adhere for 24 hours. Oligofectamine 2000 reagent (Invitrogen/Life
Technologies Ltd.) was used for all transfections, in the absence of serum.
Prior to transfection, cells were washed once with OptiMEM® reduced-serum medium
(GIBCO™, Invitrogen, Life Technologies Ltd.) and then 800l of OptiMEM was added into
each well. The required amount of siRNA was diluted in OptiMEM® to form a duplex
solution (solution A; total volume 203pl). 3ul Oligofectamine™ reagent was diluted in
13ul OptiMEM® to form a 16ul transfection solution (solution B, vortexed after mixing).
After 10 minutes incubation at room temperature, these solutions were combined and
mixed prior to a further incubation at room temperature for 20 minutes (total volume
219yl [solution C]). Following this final incubation period, 200ul of solution C was
pipetted drop-wise to each well of the 6-well plate. Culture plates were returned to
humidified incubators for 4 hours prior to the addition of 500ul of cell line specific culture
medium, supplemented with 30% serum. Transfected cells were used in functional assays
at varying time points post-transfection and knockdown was confirmed by Western
blotting or PCR.

siRNA optimisation was performed for TNS3 and CTEN sequences (Appendix B).
Briefly, cells were transfected as per the above protocol using different siRNA
formulations. Cells were lysed at 24 hours and 48 hours post transfection and subsequent

immunoblotting was performed to determine optimal protein knockdown.

2.3.2 Generation of stable knockdown cell line

As a more durable alternative to transient siRNA transfection and to minimise the
potential for off-target effects, stable CTEN knockdown cells were created by the
introduction of small hairpin RNA (shRNA) into our cells of interest. The introduction of

shRNA using viral vectors into our cells of interest allowed analysis and comparison of the
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effects of long-term CTEN gene knockdown and was also employed for the in vivo

methods. SCC25 cell line was used for all sShRNA work and subsequent functional analysis.

2.3.21 Determining sensitivity of target cells to Polybrene®:

SCC25 cells were initially plated in 6-well plates (Falcon) at 5x10*/ well in standard growth
medium and allowed to adhere for 24 hours; On day 2, 1000x stock concentration of
Polybrene® (Santa Cruz) was diluted in standard growth media to make 4 concentrations
(2, 4, 6 & 8 ug/ml) and a standard growth media control was also included. 1ml of each
concentration was added to relevant cell wells and cells were returned to a 10% CO,
humidified incubator at 37°C. Cell viability was observed for 72 hours by microscopic
examination. No change in cell viability, conformation, or confluency between different
concentrations was observed and 8ug/ml was therefore selected for subsequent use in

shRNA introduction.

2.3.2.2 Puromycin kill curve:

SCC25 cells were initially plated in 6-well plates (Falcon) at 5x10*/ well in standard growth
medium and allowed to adhere overnight. The following day culture medium was
replaced with medium containing varying concentrations of puromycin (control, 0.25, 0.5,
1, 2, 4ug/ml). Media was replenished every 3 days and wells were observed
microscopically for viability and the percentage of cell death. The most appropriate
puromycin concentration killing cells within 5-10 days after addition of antibiotic was
selected (2ug/ml), and this was in keeping with previously published protocols in the

SCC25 cell line (Le et al., 2000).
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2.3.23 Target cell infection

To produce a stable CTEN knockdown cell line, human shRNA lentiviral particles (4 unique
29mer target-specific ShRNA, 1 scramble control; see Appendix A for individual
sequences) were purchased from Origene. The shRNA expression cassette (Fig. 2-1)
consists of a 29 bp target gene specific sequence, a 7 bp loop, and another 29 bp reverse

complementary sequence, all under human U6 promoter together with a GFP tag.
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Figure 2-1. Map of shRNA expression cassette used to create stable cell line. Figure reproduced
from Origene (http://www.origene.com/shRNA/vector_information.aspx).

SCC25 cells were seeded at 6x10°/ 25cm? flask (1 flask per infection plus one for
mock infection to determine adequate selection) in standard growth medium to aim for
50% confluency the following day. Following overnight incubation, medium in each flask
was replaced with 3mls of the virus particle mixture comprising: DMEM, 10% FCS, 1% L-
Glutamine, 8 ug/ml Polybrene® and viral particles at a MOI (multiplicity of infection) of 2.
Transduction units (TU/ml) for each sequence were supplied on purchase to enable
accurate MOI calculation. The following day, the particle-containing medium was
removed and disposed of using standardised viral precautions and normal culture
medium was put on all cells. Later that day, this medium was replaced with puromycin-

containing medium at the pre-determined concentration (2ug/ml). Over the next 2-3
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weeks, cell cultures were fed with fresh puromycin-containing medium and a pooled cell
culture was grown for further experiments. At this point successful gene silencing was
confirmed both by examination of GFP expression in monolayer cell cultures and by

examination of protein levels with Western blotting (Appendix B) as previously described.

2.4 DNA/ RNA analysis

24.1 TagMan® Real Time Polymerase Chain Reaction (RT-PCR)

The real-time TagMan® quantitative assay is based on florescence resonance energy
transfer (FRET) principle. The TagMan® probe has a fluorescent reporter dye at its 5’
terminus and a quencher located at its 3’ end. The quencher is free to interact with the
reporter dye in an intact probe, and this interaction inhibits the release of a fluorescent
signal. However, in the presence of a target sequence, the probe anneals downstream
from one of the primer sites during hybridisation and the 5’-3’ exonuclease activity of Taq
polymerase results in cleavage of the dual-labelled probe. This permits the release of a
fluorescent signal and forms the basis of the fluorophore-based detection system, with
the resulting signal allowing quantitative measurements of the accumulation of the target
sequence. During the PCR run the computer software constructs amplification plot using

the fluorescent emission data.

TagMan® RT-PCR was performed as a two-stage procedure. First, RNA was
extracted from samples to be analysed using RNAeasy Kit (Qiagen) according to
manufacturer instructions. Resulting RNA was re-suspended in RNAse—free water,
guantified on a spectrophotometer and used immediately or stored at -70C°. Collected
RNA was then used to synthesize cDNA using a gScript™ cDNA SuperMix (Quanta
Biosciences, VWR) according to manufacturer instructions. In the second step, the
TagMan® assay was performed. Briefly, 5ul of cDNA (10ng/ul) was added in duplicates to
a 96- well PCR plate (Applied Biosystems) on ice. A reaction mix was prepared by
combining PerfeCra FastMix Il (Quanta Biosciences, VWR), an advanced gPCR reagent
system for fast PCR cycling protocols, with 20X TagMan® MGB probes (Applied
Biosystems) and nuclease-free water. Then 15ul of the reaction mix was added to each

well and a cover with a lid. The plate was centrifuged at 3000rpm for 1 minute to ensure
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the reaction mix and cDNA were mixed at bottom of the wells and air bubbles excluded.
The plate was then placed in a 7900HT Fast- Real Time PCR System (Applied Biosciences).
The assay was performed using the comparative C;r method, wherein the amount of
target DNA was normalized to a housekeeping control (B-actin) to derive relative C;

values.

2.5 Functional assays

2.5.1 Coating with ECM Proteins

As described in Chapter 1.4, integrins mediate attachment of cells to extracellular matrix
(ECM) proteins. To study these interactions therefore requires the use of a range of ECM
proteins in functional assays to both select and observe the relative activity of different
integrins. This requires the coating of working surfaces involved in these assays with
specific ECMs, primarily for both adhesion and migration assays.

The ECM proteins utilised are demonstrated in Table 2-2. Whilst the amount used
to coat surfaces in different assays was variable, the protocol for coating surfaces always
involved a 1-hour incubation of the surface immersed in the ECM mixture at the stated
concentrations at 37°C. Heat-inactivated bovine serum albumin (BSA; 0.1%) was used as
control for non-specific binding. Surfaces were then blocked with migration buffer (the
corresponding serum- and growth factor-free medium for each cell line supplemented

with 2mM L-glutamine and 0.1% heat-inactivated BSA) for 30 minutes.

ECM protein Concentration Source
Human recombinant fibronectin 20ug/ml Sigma Aldrich
TGFB Latency- associated peptide (LAP) |0.5ug/ml Sigma Aldrich
Rat tail collagen type | 10pug/ml Millipore

Table 2-2. List of extracellular matrix (ECM) proteins used in functional assays (Transwell®
migration and XCELLigence adhesion assays).
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2.5.1.1 Adhesion/Proliferation Assays

The XCELLigence Real Time Cell Analyser (RTCA) (Roche) allows researchers to measure
cell adhesion and proliferation in real time in a label-free environment, thus providing a
more physiologically relevant assay than traditional end-point assays. The technology
uses microelectrodes, incorporated onto the under-surface of custom E-16 View plates
(Roche). Cell contact and adherence to the bottom of the well results in an increased
electrical impedance across the electrode/solution interface which can then be recorded

and displayed graphically as relative change (Cell Index).

Well

I i , I , . | = —t — — — —, | Baseline impedence
| z=12,
: @ g@ Increasing impedence
C ] I [— B — =]
| z2=2,.,,+2

celll cell2

Figure 2-2. Principle of XCELLigence assay detection. In the absence of cells microelectrodes
detect baseline impedance. When cells attach to the electrode and spread there is
an increase in electrical impedance. Adapted from Urcan et al (Urcan et al., 2010)

For adhesion assays, the bottom of the E-16 plate was coated with a desired ECM-
protein (80ul/ well) as described previously. Following the 1h incubation, the ECM
solution was carefully aspirated and replaced with 100pl of cell line-specific migration
buffer at room temperature for 30 minutes. The E-plate plate was then inserted into the
analyser and baseline readings and plate connections were checked using the
manufacturers software. Once connections were confirmed and correct, the plates were
carefully removed and a 100p! cell suspension (2x10%) was seeded on the top of 100ul of
migration buffer, and the plate was then placed back in the XCELLigence analyser at 37°C.
Proliferation assays, were performed in the same manner without the coating step and
with normal serum containing medium. Electrical impedance was measured every 2min
for 4-8h (adhesion) or every 10min for 48-72h (proliferation assays).

In addition to the XCELLigence automated form of proliferation analysis, simple
well-based proliferation counts were also performed on both transient (siRNA) and stable

(shRNA) CTEN knockdown cells to verify results. Briefly, cells were plated in wells of a 24
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well plate 5x10* in triplicates in serum-containing medium. Cells were left to proliferate
for 48 hours and then trypsinised and counted on the CASY counting system (Innovatis

AG, UK/Roche Diagnostics GMBH).

2.5.2 3-dimensional proliferation assays

In order to analyse the effects of CTEN on cell proliferation in a more physiological 3D
environment, prolonged assays to count cell proliferation of cells suspended in a collagen
gel were performed. Briefly, collagen gels were prepared on ice, comprising 7 volumes of
rat tail collagen type | (Millipore), 1 volume of 10x DMEM (Sigma Aldrich), 1 volume of
serum and 1 volume of SCC25 cells (control/CTEN siRNA transfected or shRNA
transduced) suspended at final concentration of 5x10” cells/ml. The mixture was
neutralised by addition of 0.1M sodium hydroxide with gentle mixing. 1 ml of this mixture
was pipetted into each well of a 24-well plate and allowed to polymerize for 1 hour at
37°C. Subsequently, 1ml of 10% DMEM was added on the top of each gel to prevent
dehydration, and incubated at 10% CO, and 37°C until assay completion. At each desired
time point for proliferation count, media was aspirated from the control and knockdown
cell containing gels and replaced with 10% collagenase (Sigma). The gels were placed on a
37°C heating plate and left on a plate shaker for 1-2 hours until complete gel digestion
had occurred. Cell counts were then determined using the previously described CASY

automated cell counter.

253 Transwell® migration assay

Haptotactic cell migration was measured using Corning Transwell® inserts (Costar®, Sigma
Aldrich), a specialised insert containing a porous polyethylene tetraphthallate membrane
(6.5mm diameter and 8um pore size) which divides a well into an upper and lower

chamber (Fig. 2-3).
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eQee . Serumdres medium (migration buffer)
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Figure 2-3. Schematic representation of a Transwell ® migration assay. The bottom of each
Transwell® has a porous membrane (pore size 8um), which is coated with an ECM
protein. Cells are plated in the top chamber, in the presence of migration buffer,
and allowed to migrate across into the bottom chamber.

Cells plated in the top chamber migrate stimulated by an ECM protein towards the
bottom chamber and are counted on the automated cell counter at the end of the assay.
Alternatively serum-containing medium was used as a chemoattractant in the lower
chamber to observe non-integrin specific migration. Each experimental condition is
repeated in triplicate and wells were coated with ECM specific to the experiment as
previously described. To determine non-specific migration, the under-surfaces of control
wells were coated solely with migrating (serum-free) buffer. Cells resuspended at equal
concentrations in migration buffer were seeded at 5x10*/well into the upper chamber
and allowed to migrate at 37°C overnight into the lower chamber. For blocking
experiments, cells were incubated with appropriate blocking concentrations of antibodies
(auP6 (63G9) or a5B1 (12G10)) at 4°C for 30 minutes prior to seeding into the Transwell
inserts. Surplus cells not used in the assay were lysed to confirm protein knockdown.

The following day cells which had migrated into the bottom chamber were washed
with PBS, detached by addition of 0.5ml trypsin to the bottom chamber with inserts still
in place, and incubated at 37°C for 60 minutes. Subsequently, 0.5ml of trypsin/cell
solution was added to 9.5ml of filtered CASYton solution and counted using CASY counter

as described previously.
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254 Matrigel® invasion assay

Cell invasion was measured in a similar fashion to migration assays i.e. using Transwell®
inserts, but a protein gel used at the upper/lower chamber interface. This protein gel
comprised a 70ul mixture of alpha MEM and Matrigel® (BD Biosciences) at 2:1 ratio and
allowed to polymerise at 37°C for 1h. 500ul of serum-containing medium was added to
the bottom chamber of Transwell® act as an attractant for cell invasion. Cells (5x10°) re-
suspended in 200ul of alpha MEM (GIBCO) were added into the top chamber, on the top
of Matrigel®, and incubated for 72 hours at 37°C to allow sufficient cell invasion (Fig. 2-4).
After this time cells from the bottom chamber were washed once with PBS and detached

with 0.5ml trypsin and counted on CASY counter in standard fashion.

Cancer cell (in migration buffer)

. Protein gel

et Attractant (e.g. 10% serum)

Figure 2-4. Schematic representation of a Transwell® invasion assay. The bottom of each
Transwell® contains an alpha MEM/Matrigel gel layer. Cells must invade through this gel
towards a serum-containing medium in the bottom chamber

2.5.5 Scratch wound assay

A scratch or wound-closing assay allows analysis of individual cell and collective cell
migration under the stimulation of a scratch in a confluent cell monolayer. This technique
utilised time-lapse microscopy to take serial image captures to allow real time analysis of
the wound closure progress.

Cells were plated at 8x10°/well in a 6-well plate and allowed to adhere to form a
confluent layer overnight. The next day a scratch along the centre of the well was

introduced with a sterile P200 pipette tip and ruler guide. All wells were washed with
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migration buffer to remove any detached cells, and finally 1ml of migration buffer was
added to each well.

The 12- well plate was then placed on a heated stage (37°C) in an environmental chamber
connected to Olympus IX81 microscope (located in the Bio-imaging Unit, Southampton
General Hospital). The CO, flow was connected to the plate using a 0.8mm needle. The
Cell*P software was set up to image two different fields within each well over 12-48h,
taking a picture every 5min using a 20X objective of Zeiss AxioCam MRm camera, together
with automatic focussing. Collected images were processed using Imagel software. To
track individual cells from both sides of the wound a Manual Tracking plugin was

employed, while directionally of cell movement was determined with Chemotaxis Tool

plugin.

2.5.6 Organotypic culture assays (HNSCC)

Organotypic cultures were prepared based on the principles and techniques described by

Nystrom et al (2006).

Gel preparation

Organotypic gels were prepared on ice, comprising 3.5 volumes type | rat tail collagen
(Millipore), 3.5 volumes Matrigel (Becton-Dickinson), 1 volume 10x DMEM, 1 volume fetal
calf serum and 1 volume of 10% DMEM containing 2.5x10°/ml HFFF2 cells. The mixture
was neutralised by addition of 0.1M sodium hydroxide with gentle mixing. 1 ml of this
mixture was pipetted into each well of a 24-well plate and allowed to polymerize for 1
hour at 37°C. Subsequently, 1ml of 10% DMEM was added on the top of each gel to
prevent dehydration, and left overnight at 10% CO, and 37°C.

Cell seeding and nylon sheets
24h after gel polymerization, medium was aspirated from the gel and a mixture of HNSCC

(5x10°) cells and HFFF2 fibroblasts (25 x10) in a combined volume of 1ml of DMEM was
added drop- wise onto top of the gel. The gels were then left for a further 24 hours at
37°C. Concurrently, autoclaved nylon sheets (pore diameter 100um) were coated with a
solution containing 7 volumes of rat-tail collagen type | (Millipore), 10x DMEM, serum and
10% DMEM (1 volume each). The coating solution was neutralised when necessary, and

incubated with nylon sheets for 30 minutes at 37°C. Then, coated sheets were fixed with
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10% glutaraldehyde (Sigma Aldrich) in PBS for 1 hour at 4°C and then washed three times
with PBS and once with 10% DMEM. The nylon sheets were stored in 10% DMEM at 4°C.

Assembly
24h after cell seeding (day 3 of experiment) the organotypic cultures were assembled in a

6-well plate. An autoclaved stainless steel grid (2.5cm?), with its sides bent down to form
4-5mm ‘legs’, was placed in the bottom of a single well. A coated nylon sheet was
positioned carefully on the centre of the grid. To transfer the organotypic gel, first
medium was aspirated off the gel, and a sterile spatula was used to carefully detach it
from the sides of the 24-well plate. The gel was the lifted with the spatula, and raised on
the top of nylon sheet. Finally 4.8ml of growth medium was added to bottom of the well.
The media was thus just reaching the undersurface of the grid, forming a liquid-air
interface at this lower gel level. Where radiation exposure of the gels was required,
assembled organotypic grids and cultures were transferred to the radiation chamber and
exposed to 1x2 Gray clinical radiation dose. The assembled organotypic culture was then
placed in the incubator (10% CO,, 37°C) and grown for 7 days. Medium in the bottom of
the plate was replaced every 2 days. After 7 days the gels were bisected, fixed in formal-
saline and processed to paraffin. Sections (4 um) were stained for H&E +/- pan-

cytokeratin.

2.6 Flow cytometry

Flow cytometry was utilised to study cell surface integrin changes following manipulation
of Tensin proteins. Cells to be labelled with appropriate antibodies were trypsinised,
washed in cell-specific migration buffer and counted on the automated CASY cell counter.
Cells were resuspended at a concentration of 1x10° cells/150 pl equally in a 96-well plate
in 1ml FACS buffer (Appendix A). Subsequent steps were performed on ice with
centrifugation performed at 4°C. Cells were pelleted by centrifugation at 1250rpm for 3
minutes. Supernatant was poured off and cells were then incubated with 100ul 10%
human serum (Thermo Scientific) for 30 minutes, ensuring adequate mixing by pipetting.
After this time, a further 100ul FACS buffer was added and another centrifugation at
1250rpm was performed. Cell were then re-suspended in 50ul primary antibody

conjugated to an appropriate flourochrome, and incubated for 15 minutes on ice in the
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dark. FACS buffer alone was used for control, non-stained cells. After the incubation, cells
were washed twice with 150 ul FACS buffer and pelleted by centrifugation for 3 minutes
at 2000 rpm in between washing steps. Labelled cells were then scanned on a BD FACS
Canto Il cytometer (BD Biosciences™) by acquiring 1x10* events. Compensation if
required was performed before sample acquisition using single stained populations.
Voltage, forward and side scatter settings were also manually adjusted to optimise cell
population visualisation prior to sample acquisition and recording. Analysis was
performed using FlowJo Version X.0.7 (Treestar, OR). Data was then plotted as median

fluorescence (arbitrary units) intensity.

2.7 Functional TGFf assays

2.7.1 TGFp activation assay

The effect of Tensins on TGF-B1 activation was studied using an MLEC luciferase assay
(Abe et al. 1994), which relies on the ability of active TGFB1 to induce expression of
plasminogen activator inhibitor type-1 (PAI-1). The MLEC cells used stably express a
construct containing a TGFB1 responsive PAI-1 promoter fused to the firefly luciferase
reporter gene. Thus stimulation with active TGFB causes a luminometrically measureable
increase in the luciferase enzyme activity. Previous studies have confirmed that the
truncated PAI-1 promoter is highly specific for TGFB1 and is minimally influenced by other
known PAI-1 inducers (Abe et al., 1994b; van Waarde et al., 1997).

MLEC cells were seeded in 96-well plates at a concentration of 5x10* cells/well and
cultured at 37°C, 10% CO, for 24 hours. Following this, our transfected cells of interest
were trypsinised from their plates and seeded at 8x10* cells/well on top of the MLEC
monolayer, which is serum-starved for 4 hours prior to co-culturing. Each well is plated
with 6 repeats. This co-culture is allowed to incubate overnight. After a minimum of 20
hours, all cells are prepared for the assay using the luciferase assay kit (Promega)
according to manufacturers instructions. Briefly, 25ul of reporter lysis buffer (Promega)
was added to each well and the plate was transferred to -80°C for a minimum of 30
minutes. The plate was then defrosted at room temperature, each well scraped with a
10ul pipette tip and the plate was centrifuged at 2600rpm for 10 minutes at 4°C. 20ul of
supernatant was then transferred to a white bottom 96-well plate, 50ul of luciferase

assay substrate (Promega) was added and luminescence measured using a Varioskan
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plate reader. A standard curve to known TGFB concentrations (human recombinant) was
produced in triplicate for each experiment. For inhibitor experiments using monoclonal
blocking antibodies, the cancer cells were incubated with the specific antibody for

30minutes at 4°C prior to their plating on top of the MLEC cells.

2.7.2 Co-culture

To examine the importance of Tensins on myofibroblast differentiation, co-culture
experiments were performed utilising transfected knockdown cells and HFFF2 fibroblast
cell cultures. 1x10° HFFF2s were plated in 6-well plates and 5x10* HFFF2s were plated on
13mm glass coverslips and allowed to adhere overnight. The following day, the same
number of transfected cancer cells, following trypsinisation, were plated on top of the
HFFF2s. Control wells of just HFFF2s and cancer cells individually were included alongside
all experiments. Once the cancer cells had adhered, the medium was changed for serum-
free medium on the cells and for one of the HFFF2 alone control wells, 2ug/ml TFGB1 was
added as a positive control. All plates were then incubated at 37°C for a further 24 hours.
At this point cells on cover slips were fixed and stained for immunofluorescent analysis or

collected from the 6-well plates for immunoblotting/PCR analysis.

2.7.3 Immunofluorescence

Glass coverslips (13mm) were placed in 24-well plates and coated with collagen |
(10ug/ml) before incubation at 37°C for 1 hour. Excess collagen mixture was then
aspirated and the cover slips washed in situ with 250ul serum-free media appropriate to
the cell line to be used. The cancer cells to be analysed were then counted as previously
described and 7x10* cancer cells were plated on top of the cover slips. A variable
incubation time at 37°C was then performed depending on whether adherent or
spreading cells were to be used (range 1-6 hours). Cells were then fixed with 4%
paraformaldehyde (Sigma Aldrich) in PBS for 10 min and then permeabilised using 0.1%
Triton X-100/PBS for 20 min. Blocking was performed for 30 min in 3% bovine serum
albumin/PBS, and then samples were incubated with primary antibody for 2 h in 0.6%
bovine serum albumin/PBS, followed by species-specific secondary antibody. The
secondary antibodies comprised Alexa Fluor 594-conjugated anti-mouse or anti-rat

immunoglobulin G (Molecular Probes). Cells were counterstained with 1 pg/ml DAPI
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(4',6'-diamidino-2-phenylindole; Sigma Aldrich) +/- TRITC-conjugated Phalloidin (Merck
Millipore, USA) at a dilution of 1:1000 for 15 minutes at the end of the secondary-
antibody incubation. A final 3 wash cycle comprising 2 x PBS and 1 x water wash was
completed and coverslips were carefully mounted on slides with fluorescent mounting
medium (Dako Cytomation) and allowed to dry overnight before imaging. The following
day, all cells were visualized using a Zeiss Axiovert 200 fluorescence microscope with a
40x or 100x oil objective, and images were collected using an Orca-ER digital camera
(Hamamatsu) and processed using Openlab 3.5.1 Software (Improvision). Identical

exposure times were applied for different images within the same experiment.

2.8 Metabolic assays

2.8.1 Glucose assay

The glucose assay (Sigma) runs on the principle that following glucose oxidation to
gluconic acid and hydrogen peroxide, the latter reacts with o-dianisidine in the presence
of peroxidase to form a colorimetrically measureable product. Reagents were prepared
according to manufacturers instructions and a standard curve was created by diluting
glucose standard to a range of concentrations. At the start of the assay, 2ml of Assay
Reagent was added to each tube and mixed. Each tube was incubated at 37°C for exactly
30 minutes at which time the absorbance was read on a rapid read protocol by a

Varioskan™ (Thermoscientific) plate reader at 540nm.

2.8.2 Seahorse Extracellular Flux (XF) Analyser

Seahorse XF Analyser (Seahorse Bioscience) measures mitochondrial respiration and
glycolysis and allows for real-time environment alterations through the use of injection
ports. Stress test kits were used to determine in vitro oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) as a measure of glycolysis. Seahorse uses cartridges,
each containing 96 probes with two fluorophores, which are quenched by oxygen or free
protons, providing information about cellular respiration and extracellular acidification,

respectively (Fig. 2-5)
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One day before the experiment, cells (2x10%) were plated in 80pl of growth medium
in a XF96 culture plate (Seahorse), while the probes were immersed in XF Calibrant
Solution (Seahorse; lacking sodium bicarbonate and FCS) overnight at 37°C in non-CO,
incubator. Running medium was prepared using glucose-free DMEM (Sigma Aldrich)
supplemented with 10% serum, 2mM L- glutamine (PAA) and 1mM sodium pyruvate
(PAA), and the pH was adjusted to 7.4 at 37°C. The following day, drugs from
mitochondrial and glycolysis stress kits (Seahorse) were diluted in running medium to
desired concentrations, and loaded into injection ports of the probe cartridge. Medium
used for washes and injections was kept in water bath at 37°C throughout the
experiment. Cells were washed twice with 200ul of running medium, and the plate was
placed in a non-CO, 37°C incubator. A protocol was designed based on the desired
investigations but briefly, OCR and ECAR were measured over a 3 minute period, followed
by 3 min mixing and re-oxygenation of the media. Once the experiment protocol had
been designed on the custom Seahorse software, the assay cartridge was placed first into
the instrument to allow automatic calibration of optical probes. When this process was
complete, the cells had a final wash and 180ul of running medium was added into each

well. This was allowed to warm for 5 minutes prior to insertion into the flux analyser.

Injection delivery
ports

B C D

L

- Disposable -
probes

\

Fluorescent sensors

] Glucose Cancer cell 0, [0.]
* Glycolysls = % Respiration +
TIME Pyruvate : '-g'L? — ATP ——
LACTATE ] =

Figure 2-5. Principles of Seahorse XF Analyser. Cancer cells generate ATP preferentially through
aerobic glycolysis, to produce lactic acid. Mitochondria can also use oxygen to generate ATP
through respiration. Oxygen and free protons excreted by cells into their medium are detected
by special probes and recorded as oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) respectively. Readings are then sent via fibre-optic channels to the
Analyser. In between measurements, probes are lifted up to allow proper mixing of the
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medium. Up to four different drugs can also be loaded into the drug ports located within the
probe cartridge. Adapted from Seahorse Bioscience (www.seahorsebio.com).

Measurements of OCR and ECAR were taken at 2-minute intervals by placing the
probes in the culture medium, just above the cell monolayer. In between readings,
probes were lifted up to ensure mixing of the medium. Drugs (20ul/well) were injected at

scheduled intervals and the results were analysed using Seahorse software.

2.9 Chromatin Immunoprecipitation (ChiP)

Chromatin immunoprecipitation (ChlP) is a powerful and rigorous technique to
investigate the association between proteins and DNA in a cell of interest. DNA-binding
proteins play a fundamental role in the regulation of key cellular processes and this
technique enables analysis of the DNA regions in the genome where chromatin-
associated proteins bind. This method was performed using the MAGnify™ Chromatin
Immunoprecipitation System from (Invitrogen by Life Technologies, NY) and followed
according to manufacturers instructions. Fig. 2-6 represents a workflow summary of the

procedure steps.
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Figure 2-6. System Workflow Diagram for the MAGnify chromatin immunoprecipitation kit,

reproduced from product user guide (Publication Number MAN0001631)

ChlIP assays were performed using the MAGnify system according to the

manufacturer's protocol with a few modifications. Briefly, 3 x 10° cells of utilised cell lines

at 1x10°/ChlIP reaction were collected and resuspended in 500 pl of phosphate-buffered

saline (PBS) at room temperature (RT). Fixation was the performed with 13.5 ul of 37%

formaldehyde (RT on a rotator, 10 min) and the reaction was stopped with 57 pl 1.25 M

glycine.

57



Chapter 2

Following two washes with ice-cold PBS, 50 pl/1x10° cells of supplied lysis buffer
(Life Technologies) was added (min. volume 200 ul) to resuspend and the samples
immediately prepared for sonication. Focussed-ultrasonication was optimised and then
performed on ice at the following settings: (Intensity 3.5, microtip, 5x15 seconds on, 20
seconds off) to reduce DNA length to approximately 100-400bp. Following confirmation
of DNA size on a 2% agarose gel (Appendix D), sheared chromatin was aliquoted and snap
frozen followed by -70°C storage for later use.

When ready to proceed, the chromatin was thawed on ice and adjusted to 100 pl
with dilution buffer and then immunoprecipitated on a rotator overnight at 4°C with
magnetic protein A/G beads pre-bound with either rabbit IgG (Life Technologies) or CtBP
antibody previously validated for ChIP (E-12 (Santa Cruz); PhD thesis University of
Southampton, M. Chrzan, 2014). An aliquot of unbound chromatin was also kept
separate as input control and included in all steps subsequent to the
immunoprecipitation. The beads were subsequently washed 3 times with IP1 buffer and
twice with IP2 buffer before immune complex elution (55 °C, 30 min) and then reverse
crosslinking (65 °C, 1 h) was performed in the presence of proteinase K. Finally, DNA
purification was performed again utilising magnetic beads and purification buffer wash
repeats before final DNA elution (55 °C, 20 min) was performed and collected DNA stored

at -20°C until use.

2.9.1 Design of primers

The potential target gene for CtBP transcriptional co- suppressor investigated in this study
was CTEN. The CTEN promoter was recently identified by Chen et al. (Chen et al., 2013)
through analysis of a 2kb genomic DNA region upstream of the first CTEN exon and from
this, they were able to identify the most functionally active 327-bp region (Appendix D).
This region therefore was used as the template for primer design using Primer 3 software
(version 4.0.0). Utilising an optimal primer size of 20, there were 10 primer pairs designed

spanning the sequence of interest with overlapping sequences (Appendix D).

2.9.2 End- point PCR

DNA collected after ChIP was then analysed using end-point PCR and primers design for

CTEN promoter, run on a 2% agarose gel. Thermocycler settings were optimised prior to
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final ChIP analysis (Table 2-3). The reaction was set up on ice using a PCR master mix
(Megamix-blue (Microzone, Sussex, UK)). All reagents were thawed on ice, and the
reaction solution containing 18 pl master mix, and 0.5 pl of both forward and reverse
primer were prepared in 0.5m| PCR tubes. Finally 1 pl of sample DNA was added to the
side of the tub and then the solution was spot centrifuged immediately prior to heating.

Using a pre-heated block, cycling conditions were as follows:

1 cycle 95°C 30 seconds
95°C 30 seconds

36 cycles 57°C* 30 seconds
72°C 30 seconds

1 cycle 72°C 1 minute

1 cycle 4°C infinite

Table 2-3. Cycling conditions used for ChIP end point PCR reactions. The annealing temperature
(*) was optimised prior to final settings

2.10 AZD3965 concentration response optimisation

AZD3965 (AstraZeneca, Waltham, MA) was reconstituted according to the manufacturers
instructions to a working stock concentration of single use aliquots at 1uM solution in
DMSO. These were stored at —20°C. SCC25 cells (5x10°) were plated into 10cm dishes the
day prior to initiation of treatment with AZD3965. A full range of treatment
concentrations were tested from 0.01nM through to 1000nM and a DMSO control was
also included. Media was replaced after 24 hours. At 48 hours the cells were trypsinised
and counted prior to the proliferation assay preparation step.

For this proliferation assay, the E-16 plate wells were filled with 100ul of cell line-
specific medium at room temperature for 30 minutes. The E-plate plate was then inserted
into the analyser and baseline readings and plate connections were checked using the
manufacturers software. Once connections were confirmed and correct, the plates were
carefully removed and a 100pl cell suspension (2x10%) was seeded on the top of the

warmed medium, and the plate was then placed back in the XCELLigence analyser at
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37°C. Electrical impedance was measured every 10min for 48 hours and kill curves were
then analysed for the full range of AZD3965 concentrations. From this analysis, 10nM
inhibitor concentration was selected as the most appropriate functional dose for drug
analysis, consistent with recent publications using the same compounds (Polanski et al.,

2014). Cells were exposed to AZD3965 for 48 hours prior to use in functional assays.

2.10.1 Clonogenic survival assay

SCC25 cells were treated with 10nM and 100nM AZD3965 or a DMSO control for 48 hours
prior to the start of the survival assay. Following prior optimisation of optimal cell density,
treated SCC25 cells were then trypsinised, counted and seeded in 6-well plates at 2000
cells/well. AZD3965/DMSO containing media was replaced after 24 hours and then left in
situ for 10 days until conclusion of the experiment. Cells were then fixed in a 3% crystal
violet/10% formalin solution. Following collation of scanned images, the ‘ColonyArea’
plugin of Image J (Rasband, 1997), allowing automated thresholding and analysing was

used and this enabled calculation of both % area and intensity of colonies.

2.11 Immunohistochemistry

Immunohistochemistry staining for CTEN was initially optimised on whole thyroid tissue
sections (papillary, follicular, colloid goitre). Slides were first deparaffinised in clearane
(2x10 minutes) and then rehydrated through graded alcohols. Endogenous peroxidases
were then blocked using a 0.5% solution of hydrogen peroxide in methanol (10 minutes).
The sections were then washed in Tris-buffered saline prior to antigen retrieval. Citrate
buffer was made from 2.1g sodium citrate crystals in 1litre water together with titrated
NaOH to obtain a pH of 6. The slides were then heated for 20 minutes in a microwave in
this 0.01M citrate buffer. After 3 x 2 minute TBS washes, Avidin (20 min) and Biotin (20
min) blocking solutions were used on the slides to quench non-specific binding sites and
the primary antibodies applied at a range of dilutions (1:100, 1:200, 1:500) to find the
best ratio. Negative controls using incubation buffer with no primary antibody was used
to observe non-specific staining. The slides were left to incubate overnight at 4°C.

The following day the slides were returned to room temperature before three
further TBS 5 minute washes. Biotinylated secondary antibodies against the appropriate

primary antibodies were then applied at a dilution of 1:400 for 30 minutes. Another 3x5
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minute TBS wash cycle was performed and the slides were then exposed to the
streptavidin-biotin-peroxidase complex at a dilution of 1:200 again for 30 minutes. After a
final wash cycle, the sections were covered using diaminobenzidine as a chromogen for 5
minutes. This was rinsed off and the slides then washed in running tap water for 5
minutes, before being counterstained for 1 min exactly in Mayer’s haematoxylin (1% w/v
haematoxylin, 0.11M ammonium aluminium sulphate, 0.001M sodium iodate, 0.0048M
citric acid, 0.3M chloral hydrate). Having been returned to the running tap water for
another 5 minutes the sections were dehydrated back through graded alcohols (2 mins
each) and cleared in clearane (5 mins). DPX mounting medium was used to mount the
slides in perspex with cover slips and the slides were left to dry at room temperature.
Once optimal antibody staining dilutions had been determined, automated
immunostaining (Ventana XT, Ventana, Tucson, AZ, USA) was performed in a CPA-

accredited clinical cellular pathology department for HNSCC tissue samples.

2.12 Tissue microarray

A previously constructed TMA library was used for archived tissue IHC analysis(Ward et
al., 2014). This library consisted of 260 patients who had archived pathological material
available, out of a total cohort of 442 consecutively treated patients with oropharyngeal
squamous cell carcinoma from University Hospital Southampton (2000-10), Poole NHS
Foundation (2000-6) and Bart’s and the London NHS Trust (2000-6). Patients had been
excluded from this cohort if they had a duration of follow up under 6 months, had
received either no treatment or treatment without curative intent, or had an unknown
cause of death. Full demographic and clinicopathological data had been collated from
these patients including: age, set, site, smoking status, alcohol intake, T stage, N stage,
treatment modality, treatment failure, tumour recurrence, date and cause of death. This
study was approved under ethics codes: UKCRN 8130, ISRCTN 71276356; and REC
references 09/H0501/90 and 07/Q0405/1. Tissue microarrays (TMAs) were constructed
using triplicate, randomly selected, paraffin-embedded 1-mm tumour cores (Aphelys
Minicore 2, Mitogen, Harpenden, UK) by Toby Mellows and Maria Lopez. Following a trial
staining of a number of tissue sections utilising the automated system and independent
review of the stained slides by GT and KM, a 1:200 concentration of CTEN antibody was
utilised with a high pH (Tris-EDTA buffer (pH 9.0)) antigen retrieval protocol. TMA Scoring
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was performed by KM and JF independently blinded to the clinical outcome variables as
‘absent-low’ [Low] or ‘moderate-high’ [High]. For analysis, tumours confirmed as HPV-
positive had to be positive for both p16 immunohistochemistry and HPV ISH (Robinson et
al., 2010).

2.13 RNA sequencing data

2.13.1 SCC25 cell line CTEN knockdown analysis

In order to identify potential target genes and pathways involved in CTEN signalling, RNA
sequencing was employed on paired samples on which CTEN expression had been
silenced. Three separate paired experiments were performed on SCC25 cells from
different batches at similar passages. Each experiment involved siRNA transfection with
control or CTEN siRNA as previously described and collection of cells at 24 hours. RNA was
extracted from samples to be analysed using RNAeasy Kit (Qiagen) according to
manufacturer instructions. Resulting RNA was re-suspended in RNAse—free water,
guantified on a spectrophotometer and RNA quality was determined using Bioanalyser
analysis (Agilent Technologies Inc.) to obtain RNA integrity numbers prior to downstream
processing. Following confirmation of CTEN knockdown by PCR as previously described,
250-300ng of total RNA at a minimum concentration of 25ng/ul was sent to Expression
Analysis Genomic Services (Durham, USA). RNA sequencing was performed using lllumina
Truseq Stranded protocol, with paired end sequencing and 20 million reads per sample.
Reads were mapped to the human genome (hg19) with Tophat 2.0.13 (Trapnell et al.,
2009), indexed and sorted with Samtools -1.2 (Li et al., 2009) and counted using HTSeq

(Anders et al., 2014) to allow normalisation and differential gene expression analysis.

2.13.2 Clinical patient data

RNA had previously been isolated from HNSCC tumour samples from 10 HPV-positive and
13 HPV- negative subjects. Clinical HPV status determined by both p16-positivity and in
situ hybridization (ISH) was concordant with the RNAseq read data for COKN2A. Reads

were mapped to the human genome (hg19) with Tophat 2.0.13 and counted using HTSeq.
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Raw counts were normalized through trimmed mean of M-values (TMM) method and

differential expression analysis performed using DESeq (Anders and Huber, 2010).

2.14 Invivo orthotopic model

Male athymic nude Ncr-nu/nu mice, 6—-8 weeks of age, were purchased from Charles
River (UK) and housed in a pathogen-free animal facility. All animal procedures were
performed in accordance with a previously published protocol for oral orthotopic models
(Myers et al., 2002) and under a local project license for orthotopic models (Project
license holder: Professor Alex Mirnezami). Stable CTEN knockdown SCC25 cell line and
their transduced controls were used and following collection and counting, 50,000
cells/30ul additive free DMEM were prepared. Mice were put into two groups of 10 for
control or CTEN knockdown cell injection. All of the mice were anaesthetised with an
inhalational agent (isoflurane/O; mix) and underwent submucosal tongue injection of the
allocated cell line directly into the anterior tongue using a 100ul Hamilton syringe
(Hamilton Co.; Fig. 2-7) with a 30 gauge hypodermic needle. Injections were performed in
batches of 5, alternating between control and knockdown groups to minimize any
potential bias for altering injection technique. Mice were examined once weekly for the
development of tongue tumours and sacrificed when they had lost >20% of their
preinjection body weight. Soft diet was instigated once any tumour was visible. Following
termination, mice were imaged on fluorescence imager (IVIS, Perkin Elmer) to identify
those with potential cervical metastasis and help direct dissection. All tongue tumours
and pathological cervical lymph node specimens were then processed for
histopathological examination. Tumour volume (V) was calculated using the volume

formula: (V=% (LxW?)), where L= length and W= width (Dhani et al., 2014).
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Figure 2-7. Orthotopic tongue injection. Mice were individually sedated with inhalation
isoflurane/0; and then underwent submucosal tumour cell injection following
gentle tongue protrusion. Tongue manipulation was relaxed prior to needle
withdrawal to minimise tumour cell extrusion.

2.15 Statistical analysis

For comparisons between experimental groups in functional assays, a Student’s T-test
was utilised employed (Prism v6 for Mac, Graphpad Software). Statistical significance was
taken at p<0.05 and on graphs was annotated as follows: * = p<0.05; ** = p<0.01; *** =
p<0.001; **** = p<0.0001. Errors correspond to standard deviation unless otherwise
stated.

For TMA/database analysis, SPSS Statistics (v21 for Mac, IBM) was used. The
primary endpoint was death from OPSCC (i.e., disease-specific survival (DSS)). An OPSCC-
specific survival time was measured from the date of diagnosis until date of death from
OPSCC or date last seen alive. Death from other causes or loss to follow up was marked as
censored for analysis. Patients with an unknown cause of death or who only received
palliative treatment were excluded from survival analysis. Kaplan—Meier plots (with log-
rank tests) and both unadjusted and adjusted Cox proportional hazards models were used

to analyse the survival data.
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Chapter 3: Clinical relevance of CTEN expression in head

and neck cancer
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3.1 Introduction

The vast majority of head and neck cancer disease comprises squamous cell carcinoma
(HNSCC; >95%) but despite a lack of significant change in the 5-year overall survival rate,
patients presenting with early stage disease (I and Il) actually have a 60-90% chance of
cure with current treatment modalities, depending on anatomical location (Brockstein et
al., 2004). However prognosis is highly dependent on lymph node and distant metastasis
and late presentation of disease (Il and IV) accounts for over 60% of new diagnoses
(Duray et al., 2014). Whilst there is promise with new large genomic studies in identifying
potential novel disease markers (Lawrence et al., 2015), there has been a dearth of
clinical studies translating promising pre-clinical work to the oncology clinic to adequately
address prognostic factors in this diverse disease. Human papillomavirus (HPV) status
remains the most robust and important disease marker for HNSCC (Cardesa and Nadal,
2011). Given the impact of late disease stage on prognosis, the inability to molecularly
screen and identify early disease together with the lack of accurate prognostic biomarkers
remains a significant hurdle to improving overall survival. With recent developments in
large data genomic characterisation of HNSCC, the focus is now shifting towards
identifying clinically relevant genomic and proteomic alterations that can be examined in
HNSCC clinical studies to assess validity.

Tensins are focal adhesion adaptor proteins that have recently been implicated in a
variety of cancer types and CTEN (or Tensin-4) in particular has been the most
investigated to this point. As well as exhibiting a relatively restricted pattern of expression
in normal human tissues (Lo, 2014), CTEN appears to be the prime candidate member of
the Tensin family mediating an oncogenic effect, although there are conflicting reports in
which tumour suppressor functions have been reported (Albasri et al., 2011; M. Katz et
al.,, 2007; Y. Li et al., 2010; Martuszewska et al., 2009; Sjoestroem, Khosravi, Zhang,
Martinka, & Li, 2013). The mechanism of biological action is also unclear, with studies
implicating integrin-mediated effects on cell motility (Katz et al., 2007), a signalling role
through activation of kinase pathways (Albasri et al., 2011b), regulation of molecular
switches involving Rho GTPase-activating proteins (Liao et al., 2007), EGFR signalling
activity (Hong et al., 2013) and interaction with B-catenin (Liao et al., 2009).

The function and clinical importance of CTEN in HNSCC has not previously been

investigated but given the importance of direct tumour invasion and locoregional
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recurrence in this disease, CTEN is a prime candidate gene for further study. To this end,
we performed immunohistochemistry analysis of a large head and neck cancer patient
cohort, corroborated clinical findings with true orthotopic in vivo models and employed

next generation RNA sequencing to identify potential implicated biological pathways.

3.2 Clinical correlation of CTEN expression in oropharyngeal cancer

To examine clinical relevance we investigated the expression of CTEN in a large cohort of
HNSCC patients related to clinicopathological features and survival. Patients for this
analysis were taken from a cohort of consecutively treated patients (n=442) with
oropharyngeal squamous cell carcinoma (OPSCC) from University Hospital Southampton
(2000-10), Poole NHS Foundation (2000-6) and Bart’s and the London NHS Trust (2000-6),
collated by Mr. Matthew Ward (Ward et al., 2014). 260 patients from this cohort had
archived pathological material available and were therefore included in the analysis.
Tissue microarrays (TMAs) were constructed using triplicate, randomly selected, paraffin-
embedded 1-mm tumour cores (Aphelys Minicore 2, Mitogen, Harpenden, UK) by Toby
Mellows and Maria Lopez and staining/scoring performed as outlined in Chapter 2.12.
Tumours confirmed as HPV-positive had to be positive for both p16
immunohistochemistry and HPV ISH (Robinson et al., 2010). In order to examine the
prognostic relevance of CTEN expression, we scored CTEN levels in the TMA samples as
absent/weak or moderate/strong staining. Scoring was performed by two independent
blinded scorers (JF, KM), the latter a Specialty Registrar in Pathology. Patient
demographics for the study population are shown in Table 3-1, including
clinicopathological details at the time of diagnosis and subsequent primary treatment.

Of the 260 patients included in the study, 146 (56%) were classified with HPV-
positive disease. Median follow-up was 58 months with a minimum follow-up of 8
months. Overall disease stage tended to be more advanced (Stage Ill/IV) in HPV-positive
(92.4%) compared to HPV-negative disease (69.9%). Despite this, distant metastatic
disease was rarer in the HPV-positive disease group (0.7%) compared to the HPV-negative
group (2.6%). There was a trend for stronger CTEN staining scores in HPV-negative (73.7%
of cases) compared to HPV-positive disease (41.4%). HPV-positive OPSCC patients in this

cohort had a mean estimated survival of 9.04 years (Cl 9.246-9.831; non-parametric
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median not available in this model) and a 78% 5-year survival (SE 0.038). HPV- negative
patients on the other hand a mean estimated survival of 5.293 (Cl 4.334-6.253) and a
median survival of 3.5 years (Cl 1.662-5.338) and a 46% 5-year survival, which is
comparable with other published reports (Ang et al., 2010; Fakhry et al., 2008; Marur et
al., 2010).

Table 3-2 shows the univariate and multivariate hazard ratios (HR) for OPSCC
mortality for each factor individually, together with associated P-values. In agreement
with previous studies, patients with HPV-negative tumours had significantly worse
disease-specific survival compared with HPV-positive disease (HR 3.11 (2.00-4.86)). Worse
prognosis was significantly associated with HPV-negative tumours, an older age at
diagnosis (>70 years), heavy smokers (defined as >10 pack year history (Ang et al, 2010;
Gillison et al, 2012)) and advanced T-stage tumours (T3/4). Importantly, reduced survival
was also significantly associated with a high CTEN staining score. A multivariate analysis
was performed adjusting HRs for age, T-stage and smoking status, which were all
significant variables in univariate analysis. CTEN remained a statistically significant marker
of OPSCC mortality. These analyses however only demonstrated grouped OPSCC disease
and Table 3-3 demonstrates the multivariate analysis repeated, but subdivided into HPV-
positive and —negative patients, which is of greater clinical relevance. An enter method
for Cox regression analysis was performed and CTEN score remained a significant
prognostic value on both univariate and multivariate analysis for both HPV-negative and
HPV-positive disease. In order to determine the prognostic performance of a high CTEN
score, we analysed the sensitivity, specificity and resulting likelihood ratio for this metric,
related to the chance of death from OPSCC disease. In HPV-negative disease, a high CTEN
score has a resulting sensitivity of 79%, specificity of 31.6% and the positive likelihood
ratio was therefore 1.15. In HPV-positive disease in comparison, sensitivity of CTEN score
was 63.3%, with a specificity of 64.7% and a likelihood ratio of 1.79.

Consistent with these findings, analysis using Kaplan-Meier curves with Log Rank
analysis to compare the survival distributions by CTEN score, demonstrated high CTEN
scoring to be associated with reduced disease-specific survival compared to tumours
exhibiting a low CTEN score in overall OPSCC disease and HPV-positive disease (log-rank =
0.001; Fig. 3-1). There was similar trend in survival distribution between high and low
CTEN scoring in HPV-negative patients although this did not quite reach significance (log-
rank = 0.062).
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All OPSCC HPV-positive OPSCC | HPV-negative OPSCC
Frequency % Frequency % Frequency %
Final HPV status
Negative 114 43.8 - - - -
Positive 146 56.2 - - - -
Gender
Female 68 26.2 36 24.7 32 28.1
Male 192 73.8 110 75.3 82 71.9
Age at diagnosis
<50 54 20.8 39 26.7 15 13.2
50-69 157 60.4 88 60.3 69 60.5
70+ 49 18.8 19 13.0 30 26.3
Smoking
Non smoker/Ex-smoker 103 48.8 78 62.9 25 28.7
Current smoker 108 51.2 46 37.1 62 71.3
Alcohol
Non-drinker/Ex drinker 31 16.0 18 16.1 13 15.9
Current drinker 163 84.0 94 83.9 69 84.1
Overall stage
I/11 45 17.4 11 7.6 34 30.1
III/1V 213 82.6 134 92.4 79 69.9
Tumour stage
Tis/T1/T2 157 64.3 99 69.2 58 57.4
T3/T4 86 35.2 43 30.1 43 42.6
Tx 1 0.4 1 0.7 0 0.0
Nodal metastases
No 51 21.0 12 8.5 39 38.6
Yes 192 79.0 130 91.5 62 61.4
N stage
NO-N2a 82 33.7 33 23.2 49 48.5
N2b-N3 161 66.3 109 76.8 52 51.5
Distant Mets at presentation
No 240 98.8 141 99.3 99 98.0
Yes 3 1.2 1 0.7 2 2.0
Tumour grade
Well/moderately differentiated 89 34.2 29 19.9 60 52.6
Poorly differentiated 171 65.8 117 80.1 54 47.4
Primary Treatment
Surgery 103 39.6 56 38.4 47 41.2
Chemo-RT or RT alone 141 54.2 86 58.9 55 48.2
None/Palliative 16 6.2 4 2.7 12 10.5
CTEN score
Absent/weak 116 50.4 86 58.9 30 26.3
Moderate/strong 114 49.6 60 41.1 84 73.7

Table 3-1. Clinicopathological features of oropharyngeal cancer (OPSCC) patient database.
Frequencies along with % are listed, for total patient cohort, and divided by human
papillomavirus (HPV) status.
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For each additional year
HPV status

HPV +ve
HPV-ve
Gender
Female
Male
Smoking
Non smoker/Ex smoker/<10
pack year

>10 pack years

[Alcohol
Non-drinker/Ex drinker
Current drinker

Overall stage
I/11
II1/1v

Tumour stage
Tis/T1/T2
T3/T4

Nodal metastases

No
Yes
N stage
NO-N2a
N2b-N3
Treatment

Surgery +/- radiotherapy
Radiotherapy
Chemoradiotherapy

Cten score
Absent/weak
Moderate/strong

All OPSCC
Univariate HR (95% CI) P-value Multivariate HR (95% CI) P-value

1.03 (1.02-1.05) <0.0001 1.04 (1.01-1.06) 0.001
1 1

3.11 (2.00-4.86) <0.0001 3.04 (1.67-5.53) <0.0001
1 1

1.36 (0.82-2.25) 0.23 1.20 (0.67-2.17) 0.54
1 1

2.34 (1.41-3.87) 0.001 2.09 (1.25-3.49) 0.005
1 1

0.64 (0.35-1.16) 0.14 0.56 (0.29-1.06) 0.076
1 1

1.29 (0.71-2.32) 0.4 0.01 (0.23-1.61) 0.31
1 1

2.83 (1.82-4.40) <0.0001 2.87 (1.75-4.71) <0.0001
1 1

1.13 (0.65-1.95) 0.675 1.20 (0.645-3.17) 0.72
1 1

1.28 (0.79-2.06) 0.32 1.14 (0.67-1.94) 0.62
1 1

1.64 (0.91-2.94) 0.1 1.13 (0.52-2.42) 0.76

0.96 (0.55-1.69) 0.89 0.90 (0.45-1.83) 0.78
1 1

3.13 (1.93-5.06) <0.0001 2.80 (1.62-4.86) <0.0001

Table 3-2. Univariate and multivariate analysis of all OPSCC patients. Hazard ratios (HR) are

displayed together with the 95% confidence intervals. Multivariate analysis
adjusted for age, T stage, and smoking status. Significant P-values (<0.05) are
shown in bold type. CTEN scoring remained significant on multivariate analysis.
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year

Gender
Female
Male

Smoking

<10 pack years
>10 pack years

Alcohol

Current drinker

Overall stage
I/11
I1I/1V

Tumour stage
Tis/T1/T2
T3/T4

Nodal metastases
No
Yes

N stage
NO-N2a
N2b-N3

Treatment
Surgery +/-
radiotherapy
Radiotherapy
Chemoradiotherapy

CTEN score
Absent/weak
Moderate/strong

HPV +ve OPSCC

HPV-ve OPSCC

For each additional

Non smoker/Ex smoker/

Non-drinker/Ex drinker

Univariate HR Multivariate HR

(95% CI) (95% CI) P-value

1.03 (0.98-1.00) 1.02 (0.98-1.06)  0.37
1 1

1.63 (0.66-3.99) 1.70 (0.56-5.16)  0.35

1 1
4.79 (1.87-12.26) 5.73 (2.16-15.23) <0.0001

1 1

0.66 (0.25-1.78) 0.43 (0.13-1.48) 0.18
1 1

2.45 (0.33-17.98) 0.30 (0.03-3.40) 0.33

1 1
4.07 (1.94-8.53) 4.98 (2.10-11.82) <0.0001

1 1

1.41 (0.33-5.94) 2.27 (0.29-18.02)  0.44
1 1

1.27 (0.51-3.12) 1.11 (0.36-3.42) 0.86
1 1

1.82 (0.63-5.23) 1.06 (0.25-4.46) 0.94

1.08 (0.43-2.68) 0.84 (0.26-2.72) 0.77
1 1

3.33 (1.57-7.03) 2.46 (1.02 -5.95)  0.045

Univariate HR
(95% CI)

1.03 (1.00-1.05)

1
1.34 (0.73-2.45)

1
0.52 (0.28-0.95)

1
0.61 (0.29-1.28)

1
2.13 (1.12-4.04)

1
1.93 (1.11-3.34)

1
2.27 (1.22-4.20)

1
2.31 (1.30-4.12)

1

1.46 (0.72-2.93)
1.40 (0.67-2.91)

1
1.81 (0.95-3.44)

Multivariate HR
(95% CI)

1.03 (1.00-1.05)

1
1.24 (0.57-2.67)

1
0.61 (0.33-1.13)

1
0.69 (0.30-1.55)

1
1.09 (0.36-3.31)

1
1.73 (0.94-3.19)

1
1.51 (0.48-4.72)

1
1.67 (0.88-3.16)

1

1.41 (0.57-3.44)
1.20 (0.47-3.04)

1
2.21 (1.06-4.62)

P-value

0.04

0.59

0.115

0.364

0.883

0.076

0.483

0.115

0.456
0.709

0.035

Table 3-3. Univariate and multivariate analysis results for OPSCC patients subdivided by HPV

status. Hazard ratios (HR) are displayed together with the 95% confidence intervals.

Multivariate analysis was performed adjusted for those parameters found to be
significant factors on univariate analysis (age, T stage and smoking status; P values
for univariate analysis not shown). P-value for multivariate analyses are shown and

significant values are highlighted in bold type. CTEN scoring remained significant on

multivariate analysis for both HPV-positive and HPV-negative disease.

72



Chapter 3

100

i

X~ \ ""\H‘
8 804 “{_ ADsent/ weak
g 53 '
2 G et z
o s s v
n TV N gd}. wf '0}; g et T
4 N aSree | wm : “Lorory

A - y 3 T Moderate/high

‘l'-%w 5 -— ’
-g‘ @ 20
=
~
L] o Log Rank < 0.0001
m T T T T T T
= 0 2 4 6 8 10 12
% Time (years)
° Absent/
s weak 115 91 62 28 12 3

Mod/

strong 144 68 37 16 7 1

HPV-positive HPV-negative

g 100
by
'\ Absent /weak

804

2 g
; 60 g " Absent | weak
S i Moderate/strong g
3 Lodertasntores 3 L
2 404 E 404 m‘* ]
a a | aaoderase/strong
to.opdrty/strong
20 201
o Log Rank = 0.001 o Log Rank = 0.062
T T T T T T T T T T T T T
No. atrisk ° 2 4 6 8 10 12 0 2 ] 6 8 10 12
Absent/ Time (years) Time (years)
weak 85 70 51 21 10 2 28 21 11 7 2 1
Mod/
strong 59 34 18 7 2 83 34 19 9 5 1

Figure 3-1.

Survival analysis for OPSCC dataset. A, example immunohistochemical scoring for
CTEN protein is demonstrated following optimisation; two independent raters
scored slides as either absent/low or moderate/strong staining. Kaplan-Meier
curves were then produced using SPSS Statistics (v21 for Mac, IBM) with disease
specific survival as an end-point. Analysis was performed for all OPSCC patients (B),
as well as cases split by HPV status (C). Significant log rank scores were obtained for
the overall OPSCC dataset, HPV-positive cases and in the subset treated by
chemoradiation (chemo/DXT).
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3.3 CTEN depletion reduces tumour growth in vivo

We have demonstrated through examination of a large OPSCC dataset that CTEN has an
important potential clinical relevance in HNSCC. We performed an in vivo experiment to
test whether CTEN expression would confer a protective effect over the aggressive
tumour phenotype of an effective orthotopic oral HNSCC model. In order to study the
effect of CTEN expression on cancer cell function we created a stable shRNA-transduced
CTEN knockdown cell line with an oral HNSCC cell line (SCC25; see Fig. 4-5A (right panel)
or 7.2 (Appendix B) for knockdown confirmation). SCC25 cells treated with either
shControl or shCTEN RNA containing a GFP tag were injected into the tongues of nude
mice as previously described. The effects of CTEN expression on tumour growth over time
were measured using callipers, together with immediate post-mortem fluorescence
imaging on a small animal imaging system (IVIS, Perkin EImer). Specimens were then fixed
in formalin for pathological processing and examined by a Consultant Head and Neck
pathologist (GT; Fig. 3-2A, left panel). Due to the occasional difficulties distinguishing
injection trauma from tumour, for inclusion in volume analysis tumour had to be evident
in 2 of 3 modalities (clinical examination, GFP imaging, pathology). Dubious specimens
where tumour was only suspected in 1 of the above examinations were excluded from
statistical analysis. Due to the difficulty in detecting micro-metastases in cervical lymph
node specimens obtained, subtraction fluorescence imaging alone was utilised to
determine the presence and number of micro metastases.

Histopathological examination of dissected tumours supported that the model
represented an accurate model of head and neck SCC with a classic pathological
appearance, as well as features of intralymphatic and perineural invasion (Fig. 3-2A, right
panel). No distinct differences in primary tumour morphology between shControl and
ShCTEN cells were observed. Weekly prospective tumour measurements as well as post-
mortem GFP expression analysis revealed a consistent and significant reduction of
tumour growth in CTEN depleted tumours. In addition there was an objective reduction in
the presence of micro metastases in the CTEN knockdown tumours, although these
deposits were not pathologically confirmed. Interestingly there was no significant

difference in the tumour formation rate between the two groups.
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Figure 3-2. CTEN depletion reduces tumour growth in an orthotopic mouse model of oral
cancer. A, xenograft tumours were made by orthotopically injecting shCtrl or
shCTEN treated SCC25 cells, allowed to grow for 6 weeks with microcalliper
measurement weekly and then dissected and pathologically examined. The
orthotopic tumours mimicked the pathological appearance of human HNSCC
accurately, including other features of aggressive tumour invasion such as
lymphatic and perinueral invasion. B, C, D, post-mortem tongue specimens were
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dissected and imaged on a small animal imager utilising a GFP tag included with the
shRNA vectors. Microcalliper tumour volumes performed prospectively throughout
the experiment were then compared with automated radiation efficiency
measurements and both corroborated a significant tumour growth reduction in
CTEN knockdown tumours (Student t test, * p<0.05, ** p<0.01). E, tongue
specimens (top specimen in each double row) and bilateral cervical lymph node
chains (bottom specimens (2 per animal) in each row) were surgically dissected and
imaged for GFP expression. The subsequent image overlays then underwent digital
image subtraction to identify tumour deposits in the cervical lymph node biopsies.
Suspected micro metastases were labelled (blue arrows) and counted (F). Note —
two mouse specimens were not included in the final imaging analysis due to their
demise in the week prior to experiment completion. Their results upto the point of
death have been included in the growth analysis.

These results support our clinical findings that CTEN is a relevant biological target in

HNSCC with both translational and functional relevance, supporting tumour growth and

invasion in established tumours. Our clinical correlation between CTEN expression and

disease specific survival in a large OPSCC dataset has provided evidence of the potential

utility of CTEN as a prognostic marker; however our in vivo results also indicate that CTEN

may be an exciting target for therapeutic intervention.

34

RNA sequencing to study the in vitro role of CTEN in HNSCC

There have been a number of recent studies that have explored functional geneset

databases in an attempt to identify the genomic landscape of HNSCC (Kaddi and Wang,

2015; Lawrence et al., 2015; Pavén et al., 2015), and profiling of 279 HNSCC samples

collected through The Cancer Genome Atlas has helped to provide insights into new

pathways and targets of potential therapeutic importance (Lawrence et al., 2015). We

have demonstrated the functional importance of CTEN in HNSCC. However, despite the

increase in recent publications on CTEN and Tensin biology, the mechanism behind these

effects, as well as other potential functions of the protein remain unclear. We performed

high-throughput RNA sequencing analysis on control or CTEN siRNA treated cells in order

to give us the opportunity to explore the functional role of this protein and direct further

experiments.

A standardised sequencing pipeline (Chapter 2.14) was utilised for analysis of the

raw data to obtain a matrix of differential gene expression affected by CTEN knockdown.

Determination of RNA quality by the University of Southampton Bioanalyser facility
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together with confirmation of knockdown by PCR is shown in Appendix C. A total of 349
differentially expressed genes (DEGs) were identified by comparing control with CTEN-
knockdown SCC25 cells, with 234 up-regulated and 115-down regulated genes (logFC>1,
p<0.05). A heat map was produced showing the relative expression of all DEGs,
demonstrating clustering between control and CTEN knockdown cells (Fig. 3-3A). This
unsupervised clustering method reassuringly showed separate grouping of Control and
CTEN siRNA-treated cells. The GoTermFinder server (http://go.princeton.edu/cgi-
bin/GOTermFinder) was utilised to identify shared gene ontology (GO) terms from all
significant differentially expressed genes (P<0.05) and REViIGO tool (http://revigo.irb.hr/)
was utilised to remove redundant terms and visualise them in a Treemap, which is a two-
level hierarchy of GO terms (Fig. 3-3B). As expected, we observed a large number of
terms related to regulation of cell motility and migration. However, there were also a
large number of related enriched GO terms appearing more prominently in the analysis,
including terms related to signal transduction (e.g. ‘positive regulation of signal
transduction’), cellular metabolism (e.g. ‘regulation of primary metabolic process’) as well
as cell proliferation and apoptosis (e.g. ‘cell death’, ‘apoptotic process’). These results
raise the possibility that previously published CTEN-dependent effects on cell motility
may have been affected by functional effects on alternate cell signalling pathways and
cell survival.

The GeneMANIA server (Warde-Farley et al., 2010) was used to predict network
interactions between the DEGs, using the top 20 related genes and the inbuilt weighting
system. Networks were visualised using Cytoscape for Mac (v3.3.0;
http://www.cytoscape.org/index.html). From the 234 up-regulated and 115 down-
regulated genes, GeneMANIA recognised 234 and 103 genes respectively. GO enrichment
terms over-represented in the constructed networks for both up- and down-regulated
genesets were extracted and listed (Fig. 3-4A&B), and the full lists were used to create
corresponding interaction networks (Fig. 3-5A&B). DEG lists were then combined and
graphically represented and validated using the Reactome webserver (Croft et al., 2014;
Milacic et al., 2012), which uses a ‘reaction’ as the central class, with biological events as
subclass classifications (Fig. 3-5C). Whilst all these analyses encompass a large number of
GO terms, there are a number of interesting and novel findings. There is corroboration
between these terms and the previous GO enrichment from all DEGs with the inclusion of

a number of cell death and proliferation terms. However collating both GO sets, there is
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notable inclusion of cell differentiation, extracellular matrix assembly and epithelial-
mesenchymal transition as well as response to viral infection.

In addition to this network analysis, we also performed an MCODE clustering
algorithm (Bader and Hogue, 2003) which detected a total of 8 and 4 clusters in the up-
regulated and down-regulated DEG networks. Using a cut-off of clusters containing >10
nodes and a minimum MCODE score of 5.0, only 6 in the former and 1 clusters in the
latter were selected and these are displayed in Appendix C (Figure 7-3). In order to
examine potential protein interaction networks, our DEG groups were then mapped
separately into the Search Tool for the Retrieval of Interacting Genes (STRING) database
(Jensen et al., 2009), which contains functional links between proteins based on both
published experimental evidence as well as predictive genomics. For our purpose, a
confidence score of >0.4 was used for interaction analysis. Protein-protein interaction
(PPI) networks for both up- and down-regulated DEGs were then visualised on Cytoscape
(v3.3.0). A total of 229 nodes and 102 nodes were incorporated into the up- and down-
regulated networks respectively. In addition, the network was further analysed by
MCODE and a total of five sub-network clusters were identified. This highest scoring
cluster from up- and down-regulated PPI networks is shown in Fig. 3-6. The functions of
these clusters were mainly correlated with TGFB1 pathway and ECM formation, as well as

the immune response to a viral infection.
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Figure 3-3. A, Heat map showing hierarchical unsupervised clustering analysis of siRNA Control
and siRNA CTEN treated SCC25 cells (Abs logFC>1, p<0.05). Red, upregulation, blue
downregulation. Heat map produced with aid of Bioinformatics Core, University of
Southampton. B, TreeMap visualisation obtained from REVIGO analysis
(http://revigo.irb.hr/) of the summary of GO terms for all DEGs (p<0.01) between
control and treated samples. Related GO terms with semantic similarity are
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grouped in the same colours and the dimensions of the coloured areas are
proportional the direction of the impact. Not all terms are shown due to space

constraints.
A. Up- GO id Description g-value Occurrences in Sample Occurrences in Genome
regulated GO:0090114 COPIl-coated vesicle budding 0.0478 1 13
GO:0085029 extracellular matrix assembly 0.0478 4 11
GO:0048207 vesicle targeting, rough ER to cis-Golgi 0.0478 1 13
GO:0060317 cardiac epithelial to mesenchymal transition 0.0478 4 12
GO:0048208 COPII vesicle coating 0.0478 1 13
GO:0007219 Notch signaling pathway 0.0478 9 111
GO:0060419 heart growth 0.0478 5 26
2
GO:0031058 posi gulation of h meodification 0.0544 5 28
GO:0043525  positive regulation of neuron apoptotic process 0.0580 4 15
GO:00455%96 negative regulation of cell differentiation 0.0580 13 266
GO:0007184 SMAD protein import into nucleus 0.0580 4 16
G0:1901216 positive regulation of neuron death 0.0580 1 16
GO:0030855 epithelial cell differentiation 0.0580 13 263
GO:0035265 organ growth 0.0660 5 33
GO:0060840 artery development 0.0660 5 33
positive regulation of transmembrane receptor
GO:0090100 protein serine/threonine kinase signaling 0.0660 6 53
pathway
GO:0014855 striated muscle cell proliferation 0.0704 4 18
GO:0060038 cardiac muscle cell proliferation 0.0704 1 18
GO:2001252 positive regulation of chromosome organization 0.0864 5 36
GO:0004674 protein serine/threonine kinase activity 0.0898 13 290
GO:0001704 formation of primary germ layer 0.0899 5 37
GO:0045445 myoblast differentiation 0.0980 5 38
GO-0060389 pa‘““’“;::‘;;:‘;;’::ﬂ” protein 0.0984 5 39
GO:0001706 endoderm formation 0.0984 4 21
GO:0055017 cardiac muscle tissue growth 0.0984 4 21
B. Down- GO id Description g-value Occurrences in Sample  Occurrences in Genome
regulated G0:0034340 response to type | interferon 6.09E-17 16 75
G0:0009615 response to virus 6.09E-17 22 205
GO0:0060337 type | interferon signaling pathway 6.09e-17 16 74
G0:0071357 cellular response to type | interferon 6.09E-17 16 74
G0:0051607 defense response to virus 6.05€-11 14 116
G0:0045071 negative 'eg‘r‘;:::ﬁ‘gr:’"a' genome 835611 10 38
G0:0098542 defense response to other organism 1.37€-10 16 188
GO:0045069 regulation of viral genome replication 1.58£-09 10 51
G0:0019079 viral genome replication 1.56E-08 10 64
G0O:0048525 negative regulation of viral process 1.65E-08 10 65
G0:0043901 negative regulation of multi-organism 112607 10 79
process
G0:0050792 regulation of viral process 1.27€-06 11 134
G0:0043900 regulation of multi-organism process 1.41E-06 13 215
G0:0034341 response to interferon-gamma 1.54E-06 10 105
GO:0043903 'eg“"‘:smﬁ:;"m:’;z:;' ::fa";;'s’f:""g 1.89E-06 11 142
G0:0071346 cellular response to interferon-gamma 5.53E-06 9 89
G0:0003725 double-stranded RNA binding 1.34€-05 7 45
GO-0060333 interferon-gamma-mediated signaling 3.94£-04 7 73
pathway
G0:0035455 response to interferon-alpha 0.0014 a4 14
G0:0048738 cardiac muscle tissue development 0.0150 6 85
G0:0035456 response to interferon-beta 0.0180 3 9
G0:0098586 cellular response to virus 0.0425 3 12
Gocoaszn epimipate oo Mt gouzs ; 2
GO:0055021 regulation of cardiac muscle tissue growth 0.0831 3 15

Figure 3-4. Gene ontology (GO) enrichment terms over-represented in network analysis of both
up-regulated (upper) and down-regulated (lower) differentially expressed genesets.
Network interactions from RNAseq differentially expressed genes between
siControl and siCTEN treated SCC25 cells were discovered using GeneMANIA
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(Warde-Farley et al., 2010). GO enriched terms for each visualised network were
then extracted in Cytoscape for Mac (v3.3.0).
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Figure 3-5. Gene network interactions following CTEN knockdown. Network interactions were
constructed from 234 up-regulated (A) and 115 down-regulated genes (B;
Log2FC>1, P<0.05) following siControl or siCTEN treatment of SCC25 cells using the
GeneMANIA server (Warde-Farley et al., 2010). Networks were visualised using
Cytoscape for Mac (v3.3.0; http://www.cytoscape.org/index.html). The
GeneMANIA force directed layout was employed and network complexity was
reduced through utilisation of an in-built filter based on node degree. C,
differentially-expressed genes were grouped together and used as input for the
Reactome server (Croft et al., 2014; Milacic et al., 2012) for alternative
representation of involved biological pathways. Each node represents a pathway,
with the size of the node reflecting the number of entities (proteins, small
molecules, genes etc.) belonging to that pathway.
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Figure 3-6. Protein-protein interaction (PPI) clusters following siRNA knockdown of CTEN. PPI
data was obtained from the Search Tool for the Retrieval of Interacting Genes
STRING database (Jensen et al., 2009), using our up- (A) or down-regulated (B)
genesets (confidence score >0.4). Each global network is illustrated in the left
panel. For each global network, MCODE (Bader and Hogue, 2003) analysis was
performed to identify significant clusters. The highest scoring cluster for both up-
(A) and down-regulated (B) genes is displayed in the right panel.
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3.5 Discussion

Survival rates for HNSCC have remained relatively unchanged in the past 3 decades with
5-year survival remaining approximately 50% (Loyo et al., 2013). Locoregional recurrence
and associated treatment failure can occur in up to 30%, depending on tumour stage at
presentation, and accounts for the majority of deaths with 50-60% mortality resulting
from failed locoregional control (Curry et al., 2014). Human papillomavirus is now an
important causative factor in HNSCC disease and routinely investigated, particularly in the
workup of oropharyngeal disease; as well as a reduced association with a smoking and
alcohol history, HPV-positive disease patients have a better overall and progression-free
survival than those with HPV-negative disease. Indeed a number of clinical trials are
currently in progress investigating de-escalation protocols for those tumours with a viral
origin e.g. De-ESCALaTE (Determination of Epidermal growth factor receptor inhibitor
(cetuximab) versus Standard Chemotherapy (cisplatin) early And Late Toxicity Events in
Human Papillomavirus positive oropharyngeal squamous cell carcinoma), and PATHOS
(Post-operative adjuvant treatment for HPV-positive tumours). There is also no current
mechanism of identifying those HPV-positive patients who are likely suffer a more
aggressive disease course before treatment. This alternate clinical profile likely reflects a
host of genetic and mechanistic biological alterations compared to non-viral disease.
Similar to all tumours arising from the squamous lining of mucosal surfaces, the
basement membrane provides a biological barrier to tumour degradation. The
degradation of the basement membrane and subsequent invasion of tumour cells is the
key to understanding metastasis. To metastasise, cancer cells must develop motility, alter
their cell-cell adhesions and remodel the extracellular matrix. Following its identification
in 2002, CTEN has been identified as an important focal adhesion adaptor protein, which
has a restricted expression pattern in normal tissues, concentrated particularly in the
prostate (Lo and Lo, 2002). It has, however, been found to have significantly increased
expression in many cancer types including thymoma (Sasaki et al., 2003), gastric
(Sakashita et al., 2008), colorectal (Albasri et al., 2011b), breast (Albasri et al., 2011a; Katz
et al., 2007), lung (Hong et al., 2013; Sasaki et al., 2003), skin (Sjoestroem et al., 2013) and
pancreatic cancer (Al-Ghamdi et al., 2013). It has never previously been investigated in
HNSCC but could have potentially important clinical impact if the findings from other

tumour types were replicated.
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Katz et al (2007) analysed 272 archived samples of invasive breast carcinomas and
found a strong correlation between CTEN and high tumour grade and local lymph node
involvement, implicating CTEN as an important player in breast cancer progression as well
as a marker of aggressive disease. Expression was also associated with high EGFR
expression. These results were replicated in a separate dataset of breast cancer patients
(Albasri et al., 2011a). Similar associations were found in gastric cancer, with CTEN
overexpression associated with poor grade, metastasis, and poor prognosis (Sakashita et
al., 2008). Sjoestroem et al (2013) analysed a large TMA dataset of melanocytic lesions
and similarly found an significant association with overall and disease-specific 5-year
survival for primary melanoma patients, which was maintained on univariate analysis.
Albasri et al. (2011a) similarly showed in a univariate analysis that high CTEN correlated
with shorter disease-free survival, although significance was lost when undergoing
multivariate analysis controlling for disease stage and vascular invasion.

We demonstrated a predominantly cytoplasmic and heterogeneous staining
pattern, in keeping with other immunohistochemistry studies (Albasri et al., 2011a). We
similarly found high CTEN expression to be a significant marker of OPSCC mortality on
univariate analysis for both overall OPSCC disease, and stratified by HPV involvement.
Importantly, CTEN remained a significant marker on multivariate analysis controlling for
age, T stage, and smoking status. On survival analysis, there was a highly significant
difference between the Kaplan-Meier plots for both all OPSCC and HPV-positive disease
according to CTEN score (P < 0.001), with the plots in HPV-negative disease
demonstrating a strong trend that did not quite reach significance (P=0.062). These plots
did not control for treatment modality. There was a significant correlation between
higher CTEN expression and HPV-negative status (P<0.0001) but we found no correlation
between CTEN expression and tumour grade or lymph node involvement, unlike previous
studies in other cancer types. We also found no association with EGFR expression. It will
be necessary to validate these findings on another large tumour dataset but this study
demonstrated an important potential clinical relevance for CTEN as an independent,
significant clinical marker of disease prognosis independent of other disease variables.
Although there are knockout mice models for a number of the other Tensin family
members, there has been relatively little in vivo work studying CTEN. One study did utilise
intrasplenic injections in mice with colorectal cancer cells overexpressing CTEN, resulting

in a significantly increased local and metastatic tumour burden, together with shortened
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survival (Albasri et al., 2011b). Following our positive findings of clinical relevance in
HNSCC, we confirmed that CTEN has functional relevance in an orthotopic model of
HNSCC. Although CTEN depletion did not result in a histological or morphological change
in tumour appearance, absence of this protein did abrogate tumour growth, measured by
both calliper and fluorescence emission, as well as reduce the number of
micrometastases. The latter result must be interpreted with caution given that deposits
were detected by fluorescence detection and there was a lack of similar association in our
previous clinicopathological tumour database.

Despite the increasing evidence for an significant cancer promoting role for CTEN in
a variety of tumour types, and now our evidence for its potential importance in HNSCC,
the involved biological pathways remained unclear. RNA sequencing technology allowed
us to identify potential CTEN functions to help guide future investigations. Whilst gene
ontology analysis resulted in a long list of pathway biological process terms implicated in
changes resulting from CTEN silencing, the clustering algorithm utilised demonstrated an
interesting representation of semantically similar terms, with particular highlighting of
cell metabolism, cell signalling, growth and proliferation and finally the apoptotic process
(Fig. 3-3). Whilst cell locomotion is a term pulled out of the treemap analysis, and an
extracellular matrix specific gene ontology process is near the top of the individual term
lists, in keeping with previous reports of focal adhesion activity of Tensins, it is noticeable
that a cell movement global domain is not highlighted in this analysis. Similarly when
interrogating gene network interactions, it is signal transduction, metabolism, cell cycle
and programmed cell death that are notably prominent (Fig. 3-5). This is not the first
discovery of an association of Tensins with apoptosis. Lo at al. (2005) noticed a human
specific interaction between caspase 3 and CTEN, with the resulting fragment able to
induce apoptosis in prostate epithelial cells. Our in vivo work however suggests that this
could be a highly clinically relevant mechanism of action.

Another interesting finding was elucidated when focussing on protein interaction
networks. MCODE (Bader and Hogue, 2003) analysis helps find highly interconnected
clusters in these networks and the highest scoring up-regulated cluster involving TGF-B1
signalling sheds new light onto the role of Tensins with the extracellular environment.
TGF-B1 is a prominent stimulator of myofibroblast transdiffentiation, and therefore the

finding of this cytokine pathway in a high impact cluster raises interesting possibilities on
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how CTEN may be involved in modulating the tumour microenvironment and ‘inside-out’
cell signalling.

Considering CTEN has been shown to be have a highly clinically relevant association
of CTEN with HNSCC disease, as well as supporting in vivo tumour growth, it is worth
engaging in efforts to further define its biological function in vitro in this disease. Despite
its localisation in previous work to focal adhesions, there are a number of uncertain areas
regarding its function. We have demonstrated that this may extend beyond a pure
structural or focal adhesion role and further investigation may help us further understand
the role of CTEN, paving the way towards justification of its use as a prognostic marker or

therapeutic target.
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Chapter 4: Functional confirmation of CTEN activity in
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4.1 Introduction

The ability of tumour cells to invade and metastasise is one of the key hallmarks of cancer
(Hanahan and Weinberg, 2011) but despite this the underlying mechanisms are still
poorly understood (Bacac and Stamenkovic, 2008). There is however a greater
appreciation of the multistep nature of this process and the ability of carcinoma cells to
invade the basement membrane and surrounding stroma in order to migrate to blood or
lymph vessels is widely acknowledged as a key first step in this metastatic cascade.

The transmembrane glycoprotein family of integrins have been prime suspects for
investigation in this process due to their ability to modulate the majority of cellular
functions required for metastasis, namely migration, invasion, proliferation and survival
(Desgrosellier and Cheresh, 2010; Felding-Habermann, 2003). Whilst many of these
functions are utilised in normal physiological processes such as development and wound
healing, it is the recruitment of these functions by cancer cells that is believed to facilitate
tumour progression. Many of these processes have a direct effect on cell migration,
which is fundamental to the process of invasion (Condeelis et al., 2005). Aberrant
expression and/or activation of cell surface integrins are therefore highly implicated in
many of the hallmarks of cancer (Weis and Cheresh, 2011). The interaction between a cell
and its substrate environment is critical to understanding cell migration as this process
involves the dynamic protrusion of the leading edge of a cell and formation of a stabilising
adhesive complex (Huttenlocher et al., 1996). It is the strength of this complex which
allows the generation of sufficient traction force which, together with release of adhesion
sites at the trailing edge, allows directional cell movement (Lee et al., 1994). Integrins act
in these adhesion sites as a structural link between the extracellular matrix and the actin
cytoskeleton (Hynes, 1992) and it is the unique integrin ligand specificity that can control
the formation and strength of these focal adhesions (Burridge et al., 1988). The link with
the actin cytoskeleton is mediated through actin binding proteins (Zaidel-Bar et al., 2004)
which aggregate in situation- and temporally-specific patterns.

Tensins are translocated to assembling adhesion sites upon integrin ligation,
although the fact that in some cell types Tensins are detected only at mature focal
adhesions and fibrillar adhesions indicates that the pattern of binding protein recruitment
at these adhesion sites is tightly regulated (Katz et al., 2000; Legate and Fassler, 2009;
Zamir et al., 1999).
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Although four Tensin proteins have been identified (TNS1-3 & CTEN), the middle
regions of the proteins are highly divergent, suggesting unique functions. Integrin biology
per se has been the subject of significant research efforts over the past decades, and
realisation of their importance for mediating tumour interactions with the extracellular
environment have culminated in both translational diagnostic trials and, more recently,
therapeutic interventions in the form of monoclonal antibodies (Moore et al., 2014).
However when considering adaptor proteins that are integral to integrin-focal adhesion
complex formation, significantly less is known. Indeed despite the apparent key functions
of Tensins in supporting mechanisms including cell motility, epidermal growth factor
receptor expression, tumourigenicity and integrin stability (reviewed in Lo, 2014), little is
known about their translational relevance or potential as therapeutic targets. In the
previous chapter we demonstrated an important clinical association between CTEN
expression and HNSCC disease prognosis and confirmed these findings with in vivo
tumour models, supporting CTEN as having an important tumour promoting role. Novel
data was obtained from RNA sequencing work in a human HNSCC cell line implicating
pathways involved in cell movement, cell signalling, cell proliferation and apoptosis as
being important for CTEN function. There was also an association with cell metabolism
which will be discussed in a Chapter 5. Finally protein analysis highlighted a TGF-f1
signalling cluster as an important interacting network in CTEN biology, highly relevant
given the published investigations into the role of Tensins with focal adhesions and
interactions with the extracellular matrix.

This chapter introduces the expression and functional roles of CTEN in HNSCC cell
lines, focussing on integrin-dependent functions vital for tumourigenicity. Highly relevant
physiological models were then employed to more accurately predict the role of CTEN in

3D environments and validate our previous clinical findings.

4.2 CTEN is widely expressed in human cancer cell lines

In order to determine the functional role of CTEN in vitro in HNSCC, a range of cell lines
were firstly screened by Western blotting for protein expression including cell lines

derived from tumours with published high CTEN expression: MCF7 (breast), Capani,
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BxPC3 and Panc0403 (pancreatic); Flol and OE21 (oesophageal)] as well as head and neck
cell lines [SCC25, 5PT (laryngeal); Detroit 562 (metastatic HNSCC); BICR6 (hypopharynx);
H357 (oral) and H357 derivatives genetically manipulated to express varying levels of
avf6 integrin (VB6 high avB6; C1 low avf36; IC6pr avf6 negative (Moutasim et al., 2010)
(Fig. 4-1A). Two (virally derived) HPV-positive HNSCC cell lines were also included (SCC2,
SCC90). CTEN expression was found to be ubiquitous, with variable expression between
cell lines. Whilst no positive control cancer cell line was identified from the existing
literature, there is significant evidence for CTEN upregulation in breast cancer (Katz et al.,
2007) and we therefore included MCF7 for this purpose. It is worth noting that in almost
all HNSCC cell lines CTEN levels were increased compared to the breast line and CTEN
therefore appears to be highly expressed in this cancer type in vitro. An interesting
finding was the apparent reciprocal expression between CTEN and integrin 6,

highlighted by examining the B6-positive cell line VB6, and its controls (IC6pr and C1).
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Figure 4-1. Expression and localisation of CTEN in a range of human cancer cell lines. A, Western

blot results showing CTEN expression in a range of cancer cell lines, including

HNSCC (SCC25, Detroit 562, H357, 5PT, VB6, IC6pr, C1 and BICR6), pancreatic

(Capanl, BxPC3 and Panc0403) and oesophageal (Flol and OE21) cell lines. All cell
lines were cultured and harvested at 80-90% confluency for lysis. A breast cancer
cell line MCF7 was used as a positive control. HSC70 was used as loading control. B,
Immunofluorescence of SCC25 and Detroit 562 cells stained for Giantin (red) and
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CTEN (green). Cell nuclei are stained with DAPI (blue). Photomicrographs were
taken at 100x magnification using identical exposure times and camera settings
(scale bar = 50um). Co-localisation of Giantin and CTEN was demonstrated in both
cell lines, identifying Golgi bodies as the most prominent location of CTEN in both
cell lines.

Immunofluorescence was then performed on fully adherent cancer cells (SCC25
derived from a primary tumour and Detroit 562 from a metastatic deposit; Fig 4-1B). The
initial observation of a perinuclear localisation of CTEN prompted a repeat concurrent
stain with the Golgi protein Giantin and this confirmed accurate co-localisation of CTEN to

Golgi bodies in both cell lines.

4.3 CTEN and the TGF-f1 activation pathway in oral cancer cells

RNA sequencing analysis highlighted the involvement of a number of biological pathways
previously unrecognised in CTEN biology. The upregulation of a network involving
transforming growth factor beta-1 (TGF-B1) in response to CTEN depletion (Fig. 3-6A) is of
particular interest. TGF-B1 is an important regulator of tumour progression (Hazelbag et
al., 2004; Kaminska et al., 2005; White et al., 2010), and plays a key role in functions
linked to CTEN biology e.g. cell motility (Giampieri et al., 2009). As well as a direct effect
on cancer cells, TGF-B1 also modulates a variety of interactions between tumour cells and
their microenvironment, not least through functional links to the ECM (Munger and
Sheppard, 2011), stimulation of epithelial-mesenchymal transition (EMT) (Valcourt et al.,
2005; Zavadil and Bottinger, 2005) and activation of integrins (Hynes, 1992; Munger and
Sheppard, 2011; Thomas et al., 2002). Given their close functional association, we wanted
to determine whether a direct biological relationship existed between these two proteins
and therefore we conducted a number of experiments to investigate whether CTEN
affected functional TGF-B1 activation in HNSCC cell lines (Fig. 4-2). We conducted mink
lung epithelial cell (MLEC) assays in two HNSCC cell lines that have previously been shown
to activate this cytokine in our group (Munger et al., 1999; Thomas et al., 2001a, 2001b)
(Fig. 4-2A, left panel). Importantly, both cell lines demonstrated significantly increased
TGF-B1 activation following transient CTEN knockdown. Given that both these HNSCC cell
lines highly express avp6 (Munger et al., 1999; Thomas et al., 2001a, 2001b), it was

important to consider the effect that cell surface integrins may be having on the TGF-f1
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pathway. As heterodimeric cell membrane receptors, integrins do not function simply as
adhesion molecules, but also act as receptors for the activation of complex inside-out and
outside-in signalling pathways, which regulate cell function. Integrin avp6 is of particular
importance here not only due to its multiple regulatory functions in tumour progression
(Hazelbag et al., 2007), but also due to its ability to activate TGF-B through binding to
latency associated peptide (LAP), allowing mature TGF-B1 to bind to its receptors
(Munger et al., 1999; Thomas et al., 2002). To test whether the TGF-B1 activation we
detected was occurring in an avp6 integrin-dependent manner, we measured TGF-f1
activation in Control and CTEN siRNA-transfected cells, which were treated with an avp6-
specific blocking antibody, 63G9. Indeed, blocking avB6 integrin resulted in a significant
inhibition of TGF-B1 activation (Fig. 4-2A, middle panel). This is consistent with the
aforementioned role of avp6 in TGF-B1 activation (Munger et al., 1999; Munger and
Sheppard, 2011). Surface integrin expression was analysed by flow cytometry on a BD
FACSCanto™ Il system, utilising an unconjugated B6 antibody (620W) with Alexa Fluor®
647 secondary. The APC/Alexa Fluor® 647 flourochrome was selected to avoid any spill
over from the GFP expression incorporated into the shRNA construct. Analysis
demonstrated that depletion of CTEN resulted in a reproducible 33% increase in surface
B6 expression (Fig. 4-2B).

The desmoplastic stromal response to tumours and alterations in the
microenvironment have been shown to significantly modulate tumour cell behaviour
(Rosenthal et al., 2004). Cancer-associated fibroblasts (CAFs or myofibroblasts) are the
predominant cell in the stroma and therefore likely play a key role in this remodelling.
Various cytokines and growth factors have been shown to induce fibroblast-to-
myofibroblast transdifferentiation, but the most potent of these is TGF-B1. To determine
whether CTEN affected the ability of cancer cells to induce myofibroblast differentiation
in concordance with our MLEC assay results, we carried out co-culture experiments with
SCC25 oral cancer cells and HFFF2 fibroblasts (Fig. 4-2C&D). There are several markers
that can be used to monitor myofibroblast transdifferentiation. The most commonly
accepted features of myofibroblasts, however, are increased expression of alpha smooth
muscle actin (aSMA), and a dense, contractile aSMA-positive stress fibre network (Eyden,

2005; Kawashiri et al., 2009).
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Figure 4-2. CTEN knockdown results in B6-mediated TGF-B1 activation. A, TGF-B1 activation was
measured using a mink lung epithelial cell (MLEC) assay; these cells contain a
truncated, specific TGF-B1 responsive PAI-1 promoter fused to the firefly luciferase
reporter. SCC25 and VB6 cells were included, as known B6-expressing TGF-1
activating HNSCC cell lines. CTEN siRNA resulted in a significantly increased
activation of TGF-B1 compared to control siRNA-transfected cells in both cell lines
(****P<0.0001; left panel). MLEC cells alone represent basal luciferase expression.
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The avp6-specific 63G9 was then included in the SCC25 assay and this blocking
antibody reduced both control and CTEN knockdown-induced TGF-B1 activation
confirming that TGF-B1 activation in SCC25 cells is dependent on the integrin av6
(****P<0001; middle panel). Western blot confirms CTEN knockdown (right panel)
and HSC70 was used as a loading control. B, flow cytometry analysis of surface
integrin expression was performed on stable CTEN knockdown SCC25 cells using a
BD FACSCanto™ Il system with a non-conjugated primary (620W) and Alexa Fluor®
647 secondary antibody for B6. Cell population gating was performed to exclude
outliers and included over 90% of the tested population. Blocking was performed
with 10% human serum prior to staining. 10,000 events were captured and
following acquisition, analysis was performed with FlowJo Version 7.6 (Treestar,
OR). Representative histograms (n=2) are shown for each integrin, including an
unstained negative control, as well as grouped median fluorescence (MFI) which
demonstrated a significant increase in surface 6 expression in knockdown cells
(P<0.001; ratio paired T-test). C, D, co-culture was performed of siRNA treated
SCC25 and fibroblasts (HFFF2). Co-culture immunofluorescence was performed (C)
with nuclear DAPI staining (blue), cytokeratin (green) and SMA (red) staining and
representative micrographs are demonstrated (x10 (left) and x40 (right) for each
siRNA condition). D, co-cultures were collected and Western blots performed,
including protein collected from a sole negative fibroblast control (HFFF2), positive
TGF-B1 stimulated HFFF2 control and cancer cells only (SCC25) negative control
(upper panel). CTEN siRNA transfected cells demonstrated increased myofibroblast
SMA expression (n=2); TNS3 was included on this immunoblot to confirm a CTEN
specific response; HSC70 used as a loading control). Further quantification
verification of SMA expression is demonstrated in (D, lower panel) — a box plot of
SMA expression in co-culture was calculated from automated red (TRITC)
measurement using Image) software. 12 random high power (x40) fields were
photographed and RGB colour images were split. Auto thresholds of the red image
were applied and integrated density measured in the resulting image as a product
of mean grey value and area. Horizontal line indicates median value and whiskers
show the 95% confidence intervals. E, co-cultured cells were collected at 48 hours
for RNA extraction. Results indicate relative RNA expression following Tagman®
gPCR (2 stage). Results were normalised to GAPDH control. CTEN fold change
confirms adequate knockdown in co-culture. Analysis demonstrates significant
increase in multiple markers of myofibroblast differentiation in CTEN knockdown
cells including SMA (ACTA2), a-1 type-1 collagen (COL1A1) and fibronectin (FN1).

As shown in Fig. 4-2D, when HFFF2 fibroblasts were co-cultured with CTEN siRNA-

transfected SCC25 cells there was a significant increase in aSMA expression. By

performing immunofluorescent staining of our co-cultures, we confirmed that CTEN not

only upregulated expression of aSMA but it also induced the development of an aSMA-

positive stress-fibre network, a known marker of myofibroblasts (Fig. 4-2C). To further

confirm the effect of CTEN knockdown on fibroblast-to-myofibroblast

transdifferentiation, we measured the expression of a number of target genes associated

with this myofibroblast phenotype such as ACTA2 (aSMA), COL1A1 (type | collagen) and

FN1 (fibronectin) using Tagman gRT-PCR. For all these markers of myofibroblast
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differentiation, a large upregulated RNA expression fold change was demonstrated in

CTEN knockdown cells (Fig. 4-2E).

4.4 Regulation of the apoptosis pathway in HNSCC is related to CTEN

expression

Normal cells require a degree of adhesion to a substrate, or the extracellular matrix, for
survival and loss of these contracts or inadequate interaction with the extracellular
environment can result in cell death through the triggering of apoptosis (also known as
anoikis), thus ensuring cell survival is anchorage-dependent (Frisch and Screaton, 2001).
Cancer cells however are known to be resistant to programmed cell death, including
anoikis, and are able to thrive with the loss of anchorage dependent growth and
metastatic spread to new environments (Frisch and Screaton, 2001; Huang and Ingber,
1999). The protease family of caspases are the key regulators of the apoptosis process
(Riedl and Shi, 2004) and whether the process is initiated by the intrinsic or the extrinsic
pathway, both pathways converge upon the common execution phase, comprising a
series of caspase reactions (Wong, 2011). Caspase-3 is the key effector molecule here and
once its precursor zymogen has been cleaved, the activated protease propagates the cell
to apoptotic death.

Several lines of evidence suggested to us that CTEN may have a role in suppressing
cancer cell apoptosis; most notably there was enrichment of apoptotic pathways in Gene
Ontology terms following CTEN siRNA treatment of SCC25 cells. We performed
immunohistochemistry staining of organotypic culture sections with activated caspase-3
antibody (Fig. 4-3A). In both SCC25 and Detroit 562 cell lines, we observed markedly
increased expression of activated caspase-3 in the CTEN deplete cultures compared to
control siRNA treated paired samples. CTEN-knockdown in flat monoculture had
produced no effect on cell growth, so we specifically examined the effect in 3D-
suspended culture. Control and shRNA-transduced CTEN knockdown cells were
suspended in a collagen gel and, at set time points over a time course of one week, gels
were dissolved with collagenase and live cells counted (Fig. 4-3B). This revealed a
significant reduction, and levelling off, of proliferation in the CTEN-knockdown cells from

Day 2 (P<0.01). This was also repeatable when performed with siRNA treated cells (data

99



Chapter 4

not shown). Following H&E staining processed gels revealed single cell suspensions only in
the CTEN-depleted cultures, with an absence of the colony clusters clearly visible in the
control gels (Fig 4-3B, right panel).

Following the observed protective effect of CTEN upon cell survival in suspended
culture models, we hypothesised that the apoptotic effect of ionising radiation may result
in more pronounced cell death in CTEN-depleted cells compared to normal controls. We
conducted clonogenic assays in SCC25 cells to ascertain this fact, exposing siRNA-treated
SCC25 cells (control and CTEN) to varying doses (0-6Gy) of ionising radiation and
observing their subsequent ability to form colonies and proliferate (Fig. 4.3C).
Significantly reduced growth in colony area was observed with increasing doses of
radiation, with an exaggerated apoptotic response to radiation-induced damage in CTEN
knockdown cells (P<0.01).

Transforming growth factor- (TGFB) is a complex pleiotropic molecule that is
involved in a diverse array of biological processes including metabolism, cell growth,
differentiation and notably, apoptosis (Molinolo et al., 2009). A potential link between
TGF-B signalling and apoptosis in HNSCC would be of functional relevance as we have
already demonstrated both through RNA sequencing and TGFp activation assays that
CTEN depletion results in an up-regulation of TGFB and TGFB-dependent pathways. TGFB
has a paradoxical role in a variety of tumour types including HNSCC — a tumour
suppressor during early tumour development (Engle et al., 1999) but a tumour promoter
in larger established tumours (Piek and Roberts, 2001; Tang et al., 2003). Based on data to
this point, we proposed that the apoptosis susceptibility mediated by a loss of CTEN
might be mediated through a TGFB-dependent pathway. We conducted preliminary work
exploring this relationship and subjected siControl and siCTEN transfected SCC25 cellsto O
or 2Gy doses of ionising radiation with or without addition of a TGFB Rl kinase inhibitor
(ALK5). The protein levels of activated caspase-3 were then examined by Western blot
(Fig. 4-3D). As well as confirming a rise in activated caspase-3 levels in CTEN knockdown
cells confirming CTEN depletion leads to a rise in the common apoptosis pathway at the
protein level, addition of a TGFP inhibitor (Alk5) abrogated the previously observed
increase of activated caspase-3 in knockdown cells following ionising radiation exposure

(Fig. 4-3D, arrow).
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Figure 4-3. Apoptosis pathway activated in CTEN knockdown cells. A, organotypic culture
sections from transient CTEN knockdown SCC25 and Detroit 562 assays were
stained for activated caspase-3. Representative micrographs for SCC25 and Detroit
562 are demonstrated (x200 and x100 magnification respectively). Increased
staining is evident across cell lines in CTEN knockdown cells (see Fig. 3.3 for
knockdown confirmation). B, 3D collagen gel proliferation assays were performed
by plating control shRNA transduced or stable CTEN knockdown cells at 5x10*
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cells/ml suspended in a gel comprising collagen type I (Millipore), 10x DMEM
(Sigma Aldrich) and FCS. After polymerisation, 10% DMEM was placed on top of the
gel and then incubated at 37°C for a one week time course. At each time point 10%
collagenase (Sigma) was used to digest the gels and then cell counts determined
using a CASY automated cell counter. This demonstrated a significant increase in
proliferation in the control cells compared to CTEN knockdown cells (**P<0.01,
***p<0.001; Student’s T-test). A gel from each condition at Day 6 was fixed and
processed for staining with H&E demonstrating no 3D cell-cell contracts or cell
groupings in the knockdown cultures. C, clonogenic assay are represented for
control or CTEN knockdown SCC25 cells with a significant reduction in survival
fraction at higher doses of radiation in the CTEN deplete cells (**P<0.01; n=2).
Representative well photographs are displayed (min. 2 biological replicates) and log
scale of survival fraction is used for survival curve. D, western blot results showing
activated caspase-3 expression increases in CTEN knockdown cells, and this
difference is exaggerated following exposure to ionising radiation (2Gy). Addition
of a TGF-B Rl kinase inhibitor (ALK5) in the cell suspension for 15 minutes prior to
radiation exposure resulted in an abrogation of this caspase-3 increase (arrow).
HSC70 was used as loading control. Blot represents single experiment.

Following our observation of a protective effect on cell survival in cells expressing

CTEN following radiation exposure, together with the clinical effects of radiotherapy in

inducing activation of apoptotic cell pathways, we returned to our TMA database to

examine for any correlation between CTEN and survival when stratified by treatment

modality (Fig.4-4).
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Figure 4-4. Survival analysis for OPSCC dataset by primary treatment modality. Kaplan-Meier
curves were then produced using SPSS Statistics (v21 for Mac, IBM) with disease

specific survival as an end-point and classified by CTEN expression as

‘Absent/weak’ or ‘Moderate/strong’. Analysis was performed for all OPSCC
patients split by treatment modality. Significant log rank scores were obtained for
the population subset treated by chemoradiation (chemo/DXT).

We observed a clinical correlation with our in vitro results demonstrating that in

tumours expressing high CTEN expression, there is a significant reduction in overall

disease-specific survival when chemoradiation was the primary treatment modality. No

associated correlation was evident in the group treated with surgery. This pattern was

maintained when controlling for HPV status.

4.5 CTEN expression levels have a significant effect on tumour cell

motility

The previously published localisation of Tensins to focal adhesion complexes,

together with their recently documented association with integrin tails (Katz et al., 2007),

has implicated these proteins as potential regulators of cell motility and interactions with

the extracellular matrix. Despite our localisation of CTEN in adherent HNSCC cells to Golgi,

cell locomotion was an over-represented term in our treemap analysis following RNA

sequencing analysis in CTEN knockdown cells, and extracellular matrix interactions were
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also highlighted in specific gene ontology processes (Chapter 3.4). We therefore
investigated CTEN effects on cell locomotion by performing haptotactic migration assays,
using our stable CTEN knockdown SCC 25 HNSCC cells (Fig. 4.5A, left panel). SCC25 cells
have previously been demonstrated as avp6-positive (Coughlan et al., 2009; Nystrom et
al., 2006), therefore the TGF-B1 Latency Associated Peptide (LAP), a ligand for avf6, was
used as a ligand to study avp6-dependent migration. CTEN knockdown resulted in
significantly reduced migration towards the ligand (P=0.037) and we performed
concurrent proliferation assays to prove that this was not a result of reduced cell survival
(Fig. 4-5A, middle panel). Haptotactic Transwell cell migration is dependent on the
protrusion of the cell front through the microfilter pore, contact with the ECM ligand
resulting in adhesion, and then mechanical traction/tension to allow movement of the
cell body and rear through the pore (Huttenlocher et al., 1996). Adhesion to ECM is
primarily integrin-mediated and critically regulated during directional cell migration
(Huttenlocher and Horwitz, 2011). To investigate whether the effect on migration
resulted from changes in cell adhesion, we performed adhesion assays utilising the
XxCELLigence real-time analyser in a range of HNSCC cell lines following siRNA knockdown
of CTEN (Appendix E). There was no consistent significant difference in cell adhesion
across cell lines between control and CTEN siRNA-transfected cells, and even where a
trend approached significance, the direction of change varied between the cell lines.
Studies in a number of different tumour types have demonstrated a role for CTEN
protein in promoting both cell motility and invasion (Al-Ghamdi et al., 2011; Albasri et al.,
2009; Katz et al., 2007). All of our investigation on cell motility to date involved
monoculture or 2D assays but in vivo, cancer cells invade in a 3D environment with
important differences to simple migration, including altered ECM-cell interactions, as well
as the formation of specialised cell structures e.g. invadopodia (Yamaguchi and Condeelis,
2007). It is therefore important to study the effect of CTEN depletion in more realistic
physiological assays to determine its role in cell invasion, especially given our previous
proliferation results. We conducted invasion assays using our previously utilised Boyden
chamber technique with a layer of Matrigel at the bottom of the inner well, requiring
digestion for cells to invade and pass through to the lower well. In order to ensure we
have not been studying a cell line specific effect, transient CTEN knockdown with siRNA
oligonucleotides was utilised to study both SCC25 and Detroit 562 HNSCC cell lines. CTEN
knockdown resulted in a significant reduction of both SCC25 (P<0.05) and Detroit 562
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cells (P<0.01; Fig. 4.5B, left panel). We repeated proliferation studies in these transient
knockdown cells, which again showed no significant change in cell survival (Fig. 4-5B, right
panel).

To corroborate these findings regarding cell motility effects, we used an alternative
assay technique of scratch assays with time-lapse microscopy. In this assay, a wound was
created in a cell culture monolayer of either control or stable CTEN knockdown SCC25
cells and then subsequent wound closure photographed over the course of the
subsequent 24 hours. At the end of this assay, images were collated and Tscratch
software (Geback et al., 2009) was used to measure the wound area remaining
throughout the assay (Fig. 4-5D). This demonstrated a significantly faster closure of the
wound in the control compared to the CTEN knockdown cells, and illustrative examples of
wound appearance at 18 hours are demonstrated (Fig. 4-5E). Samples of leading edge
cells in each group were also tracked and analysed using Chemotaxis plugin for Imagel
(Ibidi GmbH). No significant difference was observed in directionality (Fig. 4-5C) or overall

velocity of cell movement (data not shown) between control and knockdown cells.
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Figure 4-5. Suppression of CTEN expression reduces tumour cell motility. A, cell migration of
CTEN deplete SCC25 cells was measured using Transwell migration assays (left
panel). Bottom wells and inserts were coated with latency associated peptide (LAP;
0.5pg/ml) or bovine serum albumin (BSA; 0.1%) as a control and migrated cells
counted after 24 hours. CTEN knockdown resulted in reduced cell migration
(Student’s t-test, two-tailed; *P<0.05). Cell proliferation was examined by plating
Control and CTEN shRNA-transduced SCC25 cells in triplicate in 24-well plates and
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cells counted on a Casy automated cell counter after 48 hours culture (middle
panel). No significant difference was noted between cell proliferation. Western
blots confirming complete knockdown are presented in the right panel together
with HSC70 for loading control. B, two HNSCC cell lines (SCC25 and Detroit 562)
were transfected with CTEN siRNA oligonucleotides and then plated at 5x10* in the
inner well of a Transwell inserts, with a Matrigel® protein layer at the upper/lower
chamber interface (left panel). Cells that invaded through this gel towards serum-
containing medium in the bottom chamber were counted after 72 hours on a Casy
automated cell counter. CTEN depletion resulted in significantly reduced invasion in
both SCC25 (*P<0.05; Student’s T test) and Detroit 562 (**P<0.01). Western blots
confirming knockdown are presented underneath corresponding cell lines (lower
panel) and HSC70 was used to confirm equal loading. The count-based proliferation
assay was repeated with the siRNA-transduced cell lines and again no significant
difference was found between final counts comparing siCtrl and siCTEN treated
cells (right panel).

C, D, E, time-lapse microscopy reveals an inhibition of SCC motility in CTEN-deplete
cells on wound healing assay. Control and CTEN shRNA-transduced cells were
plated at 8x10° in 6-well plates and the following day a linear scratch was made in
the cell monolayer using a P200 pipette tip. After washing, plates were transferred
to a microscopy plate in a tank with 5% CO, insufflation and 37°C warming plate
and time laps photomicrographs taken at 5-minute intervals with automatic focus
function. Subsequent images were analysed on ImagelJ using manual tracking,
Tscratch software (Geback et al., 2009) and the Chemotaxis plugin for Image) (Ibidi
GmbH). This demonstrated a significant delay in wound closure in CTEN knockdown
cells (Student’s t-test, two-tailed; **P<0.01; ***P<0.001; D, F), despite no
difference in directionality (C).

Finally we proceeded to perform organotypic cultures in SCC25 cells. Organotypic
cultures study invasion of cancer cells in a Matrigel/collagen gel in the presence of
stromal cells, most commonly represented by fibroblasts and for these assays we used
HFFF2 cells which are known to support HNSCC invasion models successfully and reliably
(Marsh et al., 2008). Assays were performed using both transient CTEN knockdown and
stable CTEN knockdown SCC25 cells (Fig. 4-6). Despite cultures lasting for 7 days, a
reduction of CTEN levels were still observed at assay completion even with the use of
siRNA, as demonstrated by Western blot. In both CTEN deplete cell cultures, invasion was
significantly reduced (P<0.05; Fig. 4-6A). Initial inspection of H&E and pancytokeratin
sections of the gels demonstrated reduced tumour cell invasion in CTEN knockdown cells.
However closer inspection revealed that there also appeared to be significant cell loss
within the surface layer in the CTEN deplete cells, most notable in the siRNA transfected
cells (Fig. 4-6B, left panels), suggesting an additional effect on cell proliferation or survival

that was not observed in 2D culture, consistent with our previous apoptotic study assays.
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Figure 4-6. CTEN depletion results in reduced cancer cell invasion in 3D models. A, B,
organotypic cultures were performed using either transient or stable CTEN
knockdown SCC25 cells (siRNA, shRNA respectively). A gel mixture containing HFFF2
cells, Matrigel® and Collagen Type | was made after polymerisation, SCC25 cells
were mixed with HFFF2 cells and added to the top of the gels, which were then
incubated for 24 hours at 37°C. Gels were then raised onto nylon sheets and cells
were allowed to invade for 7 days, utilising the principle of a liquid-air interface.
After this time gels were bisected, fixed in formal-saline and processed to paraffin.
Representative H&E and pancytokeratin stained sections (4 um) are demonstrated
with 40x magnification. Slide images were analysed in Image) for average area of
invasion. There was significant reduction in cell invasion area in both cell lines
(P<0.05; Paired T-test). Western blots demonstrating day 0 and day 7 CTEN protein
expression for siRNA transfected cells are shown (A, lower panel).
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4.6 Discussion

The aim of this chapter was to explore the cellular functions of CTEN in HNSCC cell
lines. Broad cancer cell line screening showed that CTEN was expressed across a wide
range of different cancer cell lines and indeed HNSCC lines demonstrated a greater level
of protein expression compared to previously considered high CTEN expressing cells
(MCF7). The proteins of Tensin-1, -2 and -3 differ from CTEN in that they contain an N-
terminal actin binding domain (Lo and Lo, 2002) and it is this ability to disrupt the
structural link between the ECM and actin cytoskeleton that has been suggested to
explain the resulting cell motility effects (Katz et al., 2007; Mouneimne and Brugge, 2007).
However, the factors governing the dynamics and maturation of cell-ECM contacts are
poorly understood and a more detailed understanding of the ‘adhesome’ is required to
fully integrate the regulation and consequence of multiple proteins and signalling
pathway interactions.

Whilst more detailed analysis of the precise Golgi localisation was not performed,
CTEN’s colocalisation with giantin, a conserved Golgi membrane protein, provides an
interesting insight into the protein’s function in HNSCC cells. This may indicate that CTEN
is undergoing modification as a result of significantly increased expression. However it
may also indicate that CTEN is playing an important role in the cell’s secretory and
signalling pathway, as Golgi is a key structure in cell signalling by spatially regulating
kinases, phosphatases and GTPases (Farhan et al., 2010). Indeed, the Golgi apparatus has
also been implicated in the cell’s apoptotic signalling pathway (Machamer et al., 2003)
and TGF beta signalling (Annes et al., 2003). RNA sequencing analysis presented in the
previous chapter importantly highlighted both of these signalling pathways when studing
the effect of CTEN silencing in HNSCC cells.

The mechanisms of release, and therefore activation of the TGF-B molecule are
multiple and varied, although a significant number of the more recognised activators are
linked functionally to the ECM (Munger and Sheppard, 2011). The importance of avp6
integrin in HNSCC invasion has already been described in the literature whereby avp6 has
been shown to induce migration and invasion of normal keratinocytes and OSCC cell lines
(Thomas et al., 2001a, 2001b). HNSCC is usually characterised by a vigorous desmoplastic
response, but the contribution of tumour integrin expression profile, or the reasons

causing this are poorly understood (Rosenthal et al., 2004). This remodelling of the
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tumour microenvironment is believed to modulate tumour cell proliferation and invasion
and. avp6 has demonstrated the ability to directly activate both TGF-B1 and TGF-f3
through an avB6-dependent, protease-independent activation process and most
activators of TGF-B are functionally and structurally linked to the ECM (Annes et al., 2002;
Munger et al., 1999).

A biological relationship between TGF-B and CTEN was initially hinted at with our
head and neck cancer cell line screen with the finding of low CTEN in high B6 expressing
VB6 compared to its negative controls IC6pr and C1 which had corresponding high CTEN
expression. From our RNA sequencing analysis we have demonstrated that TGF-B1 levels
were upregulated following CTEN depletion and TGF-f activation following CTEN
knockdown was confirmed in MLEC activation assays, likely through the upregulation of
surface avB6 integrin expression. Further evidence of an avpf6-mediated effect was
demonstrated by both an increase in cell surface expression following CTEN knockdown,
as well as the pronounced effect in this cell population by an avB6 blocking antibody (Fig.
4.2A, middle panel).

The importance of the tumour microenvironment to the behaviour of tumours is
now well recognised and reviewed by Koontongkaew (2013), but the most important
stromal cell contributing to this behaviour and playing a key role in the tumour
modulating function is likely the cancer-associated fibroblasts (CAF or myofibroblast). A
prominent stimulator of myofibroblast transdiffentiation is TGF-B1, and therefore the
finding of this cytokine as a key component of a prominent up-regulated protein raised
interesting possibilities on how CTEN may be involved in modulating the tumour
microenvironment and ‘inside-out’ cell signalling.

However, the importance of a biological CTEN - TGF-B link may lie outside the
immediate functional consequences of surrounding stromal cells in the
microenvironment but in fact involve important downstream regulatory effects on the
tumour cells themselves. The effect and dominant phenotype induced by TGF-B signalling
in carcinogenesis is highly depending on the presence and stage of tumour growth — there
is a paradoxical role of this cytokine with an early stage tumour suppressor role, switching
to a tumour promoting effect in latter stages (Inman, 2011). In HNSCC there has been
more focus on the tumour suppressor role of TGF-B with a number of studies reporting an
association of inactivating mutations and deletions of the TGF-B receptors with disease

progression (Pasche et al., 2005; Xie et al., 2003), a finding supported by the recent

110



Chapter 4

genome-wide analysis performed on The Cancer Genome Atlas (Lawrence et al., 2015).
TGF-B is recognised as a potent growth inhibitor and stimulator of differentiation for
epithelial cells (Massagué and Gomis, 2006) but although TGF-B has been reported to
induce apoptosis in a variety of cell types under varying physiological conditions, the
molecular mechanisms and pathways involved remain poorly defined (Meulmeester and
Ten Dijke, 2011). Following the supporting observation of increased cell death in both 3D
proliferation and related organotypic assays in our CTEN knockdown cells, we
subsequently demonstrated that CTEN depletion resulted in activation of apoptosis. Pilot
experiments suggested that this was in a TGF-B dependent manner by the reversal of
activated caspase-3 upregulation in the presence of a TGF-B inhibitor (representative of
activation of the final common apoptosis pathway). Whilst the pro-apoptotic or pro-
survival influence of TGF-B depends on a complex interplay of signalling pathways, there
is a large body of evidence demonstrating pro-apoptotic responses in prostate (Chipuk et
al., 2001), ovarian (Lafon et al., 1996), cervical (Kim et al., 1998), breast (Tobin et al.,
2001) and gastric cancer cells (Yanagihara and Tsumuraya, 1992).

We have demonstrated a novel mechanistic pathway linking CTEN with apoptosis,
potentially mediated through a TGF-B pathway. However the suggestion of a relationship
between CTEN and apoptosis is not in itself a completely novel concept; apoptosis is
stimulated by any disruption in cell adhesion and spreading, implicating a critical role for
focal adhesions in cell survival and in 2005, Lo et al. demonstrated an association
between caspase-3 and CTEN, with the subsequent CTEN-cleaved fragments significantly
affecting cellular growth.

Despite the growing evidence of the oncological importance of Tensins in vivo there
are a number of contradictory results in the literature when considering their effect on
cancer cell behaviour. Overexpression of TNS3 in human kidney cells and one melanoma
cell line has been shown to reduce cell migration in a fibronectin-mediated haptotactic
migration assay (Martuszewska et al., 2009). Another study showed contrasting results,
demonstrating that TNS3 knockdown (but not other genes) resulted in a reduction of
migration in three non-squamous lung carcinoma cell lines and three melanoma cell lines.
However, these results were obtained from random, non-integrin specific migration
assays. Similarly, CTEN has been shown to promote migration in a variety of cancer cell
lines including colorectal cell lines (Al-Ghamdi et al., 2011; Albasri et al., 2009) although

no mention was made of the chemoattractant used. Two other studies using non integrin-
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specific migration assays demonstrated that EGF-induced cell migration in mammary
epithelial cells was largely abolished with the knockdown of CTEN and depletion of TNS3
resulted in dramatic increases in cell migration even in the absence of EGF (Cao et al.,
2012; Katz et al., 2007). Although CTEN has been demonstrated to promote tumour cell
motility in a variety of cancers (Al-Ghamdi et al., 2013, 2011; Albasri et al., 2009), its
function in relation to head and neck cancer cell has not previously been investigated.
There is however growing evidence that CTEN supports tumour growth and a number of
recent publications on prognostic biomarker potential support this fact (Al-Ghamdi et al.,
2013; A. Albasri et al., 2011; Hong et al., 2013; Katz et al., 2007; Sakashita et al., 2008;
Sasaki et al., 2003; Sjoestroem et al., 2013).

We also observed a CTEN mediated affect on cell motility and invasion but these
results must be interpreted with caution, given our findings of cell survival effects.
CTEN depletion conferred an anti-migratory and anti-invasive behaviour across HNSCC
cell lines, without an obvious effect on concurrent cell proliferation studies, and this
phenotype was corroborated in scratch and organotypic assays. However, the increased
expression of activated caspase-3 in cells from organotypic cultures suggests a pro-
apoptotic effect in HNSCC cells following CTEN knockdown, supported by 3D gel
proliferation studies demonstrating a clear reduction in cell survival in the absence of
CTEN. Cell culture within a gel structure appeared to highlight a prominent CTEN-
mediated tumour promoting effect. The reduction of invasion and motility seen in CTEN
deplete cells in our Transwell assays may also have been an early cellular response to a
this pro-apoptotic effect, although the end point of these shorter assays may have been
too soon to observe a significant reduction in cell counts at the assay end point. Future
work could examine the morphology of cells at this time point to identify early changes
consistent with induction of apoptotic pathways. It is also possible that the mechanical
stress on cells of being in suspended culture in a 3D environment, with the changes in
cell-cell contacts, interactions and subsequent integrin signalling, is important in the more
prominent apoptotic response to CTEN knockdown. These changes may induce
replicative stress upon cells which are sensitised to apoptosis induction in the absence of
CTEN expression.

Furthermore, we hypothesised that the cellular stress induced by radiation would
result in a similar radiosensitive phenotype in CTEN deplete cells and this was confirmed

in clonogenic assays. What we did not anticipate was such a striking clinical correlation
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with our patient dataset whereby the high expression of CTEN appeared to similarly
confer a dramatic radioprotective effect on HNSCC tumours, as evidenced by reduced
disease specific survival.

In summary, these findings suggest important new functional roles for CTEN. Whilst
the involvement of biological processes including cell migration and ECM formation
support other published evidence of the impact of CTEN expression on cancer cell
motility, manipulating CTEN expression appears to heavily impact on TGFB1 mediated
pathways, apoptosis and programmed cell death. Exploring the mechanism of CTEN-
induced resistance to apoptosis and its relationship to TGFB signalling may provide
important insights into the regulating factors behind the TGFB switch from tumour
suppressor to tumour promoter, and importantly, shed new light on pathways involved in

radiotherapy resistance of HNSCC tumours.
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Chapter 5: Tumour metabolism in head and neck cancer
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5.1 Introduction

There has been widespread resurgent scientific interest in metabolism, and particular
that specific to cancer cells, despite the Warburg effect being first described in the 1920s
(Warburg et al., 1926). Recent identification of ubiquitous links between oncogenes and
important regulators of metabolism has fuelled this interest, as well as the common use
of positron emission tomography in the head and neck clinic for identification, staging
and follow up of tumours.

In hypoxia, glucose is converted to lactate through the activity of glycolytic enzymes
and lactate dehydrogenase A, known as glycolytic metabolism. However although many
cancer cells utilise the physiological responses to hypoxia, many tumours develop an
oxygen-independent reprogramming of metabolism whereby aerobic glycolysis becomes
the predominant form of metabolism even when oxygen levels are normal (Semenza,
2009). The combination of reduced pO, and increased lactate production through aerobic
glycolysis are both independent predictors for the most aggressive tumours (Semenza,
2009). Despite this however, aerobic glycolysis produces only net 2 ATPs per molecule of
glucose compared to that of 36 ATPs from oxidative phosphorylation [OXPHOS]
(Lehninger et al., 1982). A number of hypotheses have been proposed to explain this
energy deficit but the greater requirement of rapidly proliferating cells for biosynthetic
precursors, which can be obtained via glycolytic intermediates, is currently the most
popular theory proposed (Heiden, 2009). Acidification of the microenvironment, which
has numerous advantages for tumours including immunosuppression (Fischer et al.,
2007), MMP activation (Robey et al., 2009) and enhanced metastases (Rofstad et al.,
2006) are also well researched theories.

Head and neck squamous cell carcinoma (HNSCC) is a highly heterogeneous disease
but apart from anatomical site, the most commonly used and clinically relevant
classification is based on the presence or absence of a human papillomaviral (HPV) origin,
often referred to through the surrogate marker p16 (INK4A) (Ang et al., 2010; Chung et
al., 2014). HPV-related cancers, although tending to present at a more advanced stage,
paradoxically have a better prognosis than HPV-negative tumours (Chung et al., 2014;
Lawrence et al., 2015). In contrast HPV-negative tumours have a stronger association with
the more traditional risk factors of tobacco and alcohol use, as well as having a specific

genotype with an overexpression of EGFR (Vainshtein et al., 2014).
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HPV types 16 or 18 are the most likely to cause a persistent viral infection, which
occurs in approximately 10% of all new HPV infections (Lévy and Bartosch, 2015) and they
are therefore the most likely types to result in carcinogenesis. This effect occurs through
the encoding of two proteins — E6 and E7, which result in the degradation of the tumour
suppressors p53 and Rb respectively (Hu et al., 2015). P53 is integral to the cell’s energy
metabolism regulation and has been shown to lower rates of glycolysis and increase
mitochondrial respiration (Kruiswijk et al., 2015) through its transcriptional repression of
a variety of glycolytic markers including GLUT1 and GLUT4 (Zhang et al., 2013), glucose-
6-phosphate dehydrogenase (Jiang et al., 2011) and phospho-glycerate mutase (PGM)
(Kondoh et al., 2005). It is also able to induce TIGAR (TP53-inducible glycolysis and
apoptosis regulator), which indirectly negatively regulates the rate-limiting step in
glycolysis through phosphofructokinase 1 (PFK1) (Bensaad et al., 2009, 2006).

The effect of E7 oncoprotein on tumour metabolism is slightly more convoluted but
likely results in inhibition of the lower parts of the glycolytic chain through targeting of
the tumour version of pyruvate kinase (M2), helping to channel intermediate metabolites
into nucleic acid synthesis, consistent with highly proliferating cells (Zwerschke et al.,
1999). It would therefore appear that the presence of the E6 and E7 oncoproteins should
likely have a significant effect on the metabolic signature of virally derived tumours, with
the loss of p53 in particular resulting in a metabolism favouring energy production
through glycolysis rather than oxidative phosphorylation (OXPHQOS). However there are
certain circumstances in vitro where p53 has actually been shown to promote glycolysis
(Ruiz-Lozano et al., 1999) and therefore it is highly likely that the clinical situation is more
complex.

Positron emission tomography (PET) is an imaging modality that uses a glucose
analogue, fluorine-18- fluorodeoxyglucose (18F-FDG), to identify tissue with rapid glucose
uptake, therefore exhibiting an ideal clinical use for the Warburg effect (Heiden, 2009).
PET combined with CT imaging is an important tool used clinically for imaging both HPV-
positive and —negative HNSCC before treatment, as well as post-treatment in surveillance
protocols. Given the improved prognosis of HPV-positive disease, confirmation of viral
involvement is now routinely sought in HNSCC but requires tissue for diagnosis. PET
imaging measures have already been shown to have prognostic value with high pre-
treatment standard uptake values (SUV) associated with worse outcome (Allal, 2002;

Inokuchi et al., 2011) and negative follow-up scans predictive for improved disease free
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survival (Martin et al., 2009; Zhang et al., 2011). The question therefore of whether PET
activity can help to differentiate HPV-positive or —negative disease is therefore highly
relevant and so far has had variable outcomes in the literature. This is despite recent
evidence that high GLUT1 expression is associated with p16 negative, non-oropharyngeal,
and EGFR positive tumours (Baschnagel et al., 2015). There have been reports indicating
an association of HPV-negative tumours with higher SUV values (Joo et al., 2014; Tahari et
al., 2014) and conversely, reports have suggested that high nodal FDG uptake should raise
suspicion for positive HPV status in the evaluation of the primary lesion (Clark et al., 2015;
Kendi et al., 2015). The effect therefore of HPV-induction on the metabolic
reprogramming on a tumour is currently unclear and with a host of new metabolic
inhibitors now entering early stage trials in other cancer types, further research is
urgently required to clarify the metabolic features of HNSCC in these two groups.

There is also now increasing focus on the potential link between a tumour’s
metabolic phenotype and its ability to move and interact with the tumour
microenvironment. The majority of these findings have been through studying the
functions of key metabolic sensors — the C-terminal binding proteins (CtBP1 and CtBP2).
NADH-dependent CtBP monomer dimerisation results in activation of their transcriptional
repression function (Bergman and Blaydes, 2006; Chinnadurai, 2009) and a number of
tumour suppressor genes involved in tumour cell motility, invasion and survival have
recently been implicated. For example, activated CtBPs have been shown to repress E-
cadherin expression (Zhang et al., 2006), promoting an EMT-phenotype in hypoxic
tumours. CtBP1 has shown a close inverse correlation with E-cadherin expression in
malignant breast cancer samples (Deng et al., 2012). CtBP2 has also been implicated in
regulation of cell motility through its observed ability to repress PTEN expression with
resulting increased phosphatidylinositol 3-kinase (PI3K) activity and Rac-dependent
migration (Paliwal et al., 2007). More recently, CtBP2 has been identified as a positive
regulator of T-cell ymphoma invasion and metastasis 1 (Tiam1), a GTP exchange factor
(GEF) or activator for Rho-like GTPases (Paliwal et al., 2012). Indeed, to identify potential
CtBP-dependent effectors, our group previously performed a gene expression array in an
oral SCC cell line (SCC25) following CtBP knockdown (Rucka et al; unpublished). CTEN was
identified as a previously unreported candidate gene for CtBP2 targeting, as it was found

to be upregulated following CtBP2 knockdown. In support of this biological link, we also
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noted an upregulation of gene ontology terms relating to cell metabolism on RNA
sequencing analysis between control and CTEN siRNA treated samples.

In this chapter we explore the metabolic profiles of both HPV-negative and HPV-
positive HNSCC. We have previously demonstrated the important functional and
prognostic role of CTEN both in vitro and in vivo in HNSCC and we present novel evidence
linking metabolism, through the metabolic sensors CtBPs, with the regulation of CTEN.
CTEN is demonstrated as a previously unknown target of CtBP2 and therefore one

potential downstream mediator of a cancer cell’s complex glycolytic phenotype.

5.2 Glucose concentration in metabolism-dependent assays

To perform a range of metabolically sensitive assays, careful manipulation of the glucose
concentration throughout the assay is required. Due to glucose uptake by cells, the
glucose concentration in media will inevitably decrease. Cells left without glucose
substrate could adversely affect outcomes. We therefore screened a representative
HNSCC cell line (SCC25) in medium containing different concentrations of glucose to
determine the rate of glucose consumption, which could help us to maintain suitable

glucose concentration in future assays (Fig. 5-1).
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Figure 5-1. Glucose concentration after 24 hours in cell culture medium. SCC25 cells were
incubated in glucose free DMEM, supplemented with 10% fetal bovine serum and
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2mM L-glutamine. Glucose supplementation was performed at time-point 0 to give
a set concentration range. Media was collected after 24 hours of cell culture and a
glucose assay was utilised to analyse the residual glucose concentration.

As expected, glucose concentrations diminished such that 2 mmol/I glucose
supplementation had all been used by the 24-hour time point. Due to this result, glucose
was replaced at 24 hours of all assays where set glucose supplementation was required
and glucose supplemented media for specific assays used 5 mmol/I as the lowest starting

concentration, mirroring the normal physiological blood levels.

5.3 Glucose concentration affects cell glycolysis and respiration

In order to stimulate cancer cells in vitro to increase their glycolytic rate, a commonly
used laboratory technique is to increase the concentration of available glucose in the cell
media (Birts et al., 2013). To confirm that this did indeed result in an increased glucose
uptake and glycolytic rate, we tested a highly glycolytic head and neck cancer cell line
(H357) in an extracellular flux analyser, measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) (Fig. 5-2). From these two outputs we are able to
extrapolate a cell’s mitochondrial respiration (OCR) and glycolysis (ECAR). After
stabilisation of the cell’s bioenergy pathways, variable injections were used to study
different metabolic capacities; 5mmol/I glucose was initially injected to observe for any
response in glycolysis, followed by oligomycin A, which inhibits proton flow through ATP
synthase and therefore blocks mitochondrial respiration. This allows us to observe
maximal glycolytic rate and the difference is the glycolytic capacity of a cell line. Finally
glycolysis was inhibited with the glucose analogue 2-deoxyglucose (2-DG) which has the
2-hydroxyl group replaced by hydrogen.

This powerful analytical technique demonstrated that the addition of glucose to cell
medium indeed resulted in increased glycolysis with a higher ECAR exhibited by cells
exposed to greater glucose concentrations, reflective of lactic acid production through
the glycolytic pathway. This was supported by a reciprocal reduction in respiration (OCR).
The basal respiration shown in Figure 5-2C is calculated from the last rate measurement
before oligomycin injection minus the non-mitochondrial respiration rate. The OCR at

20mmol/l was inconsistent and did not demonstrate the continued trend for a respiration
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to glycolysis switch evident at lower glucose concentrations but may reflect the increased
need for greater ATP production in this highly metabolically stimulated population,
therefore requiring significant contributions to metabolic demands from both the
respiratory and glycolytic pathways. Oligomycin is an ATP synthase inhibitor, an enzyme
integral for OXPHOS. As would be expected, addition of this antibiotic halts OXPHOS, with
a drop and rise in the OCR and ECAR respectively. The ECAR results following injection
indicate a glucose-responsive effect not only on the active glycolytic rate, but also on
glycolytic capacity; cells supplemented with 20mM glucose have the greatest glycolytic
capacity. Finally following 2-DG injection we observed a cessation of aerobic glycolysis
indicated by a drop in ECAR to basal levels. Some residual basal glycolysis is evident in the
highest glucose concentration (20mM). These results confirm that additions of variable
glucose-supplemented medium are an appropriate stimulus in metabolic assays to

increase the cellular glycolytic rate.
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Figure 5-2. Metabolic flux analysis of increasing glycolysis in a HNSCC cell line (H357). A
metabolic flux analyser (Seahorse®) was used to measure extracellular acidification
rate (ECAR), a correlate of glycolysis, in real time following addition of various
compounds. Higher glucose concentration supplementation resulted in an
increased glycolytic rate (A). Glycolytic capacity and glycolytic reserve, as
demonstrated for 20 mmol/I results, were also increased by higher glucose
addition. B, bar chart representation at 98 minutes, prior to oligomycin injection,
demonstrates the final basal glycolytic rate and was highly significant for multiple
comparisons between groups (ANOVA test, P<0.0001). C, a reciprocal reduction in
the basal respiration (OCR) was also observed with increasing glucose
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concentrations below 20mmol/|, indicating that glucose is resulting in an increasing
reliance on glycolysis for the cell’s energy demands. Results are representative of
two biological repeats with six replicate wells.

5.4 Real-time extracellular flux analysis

We hypothesise that the HPV status of HNSCC results in a distinct glycolytic profile
dependent on the tumour origin. However in order to detect changes in the major
energy-producing pathways of HNSCC cell lines, we require accurate analysis techniques
operating in real time. The Seahorse XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, North Billerica, MA) was used for this purpose and enabled us to accurately
contrast and compare the bioenergetic phenotypes of HPV-positive and HPV-negative cell
lines. As previously the outputs of oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) enable us to extrapolate a cell’s mitochondrial respiration and
glycolysis respectively. After stabilisation of the cell’s bioenergy pathways, the first
injection used was 5mmol/I glucose to represent a physiological concentration and allow
observation of a cell’s utilisation of the substrate. The antibiotic oligomycin A was then
injected which inhibits proton flow through ATP synthase and therefore blocks
mitochondrial respiration. Finally in half the cell cultures we stimulated maximal
respiration by injecting carbonylcyanide-ptrifluoromethoxyphenyl hydrazone (FCCP),
which absolves potential across the mitochondrial membrane leading to rapid O, use, and
in the other half used the glucose analogue 2-deoxyglucose (2-DG) to inhibit glycolysis.
Following completion, all results were normalised to total protein count following
Bradford assay analysis to account for any variable cell line proliferation rates (Fig.5-3).
Real time concurrent reading of cell lines in this technique allows a direct comparison of
bioenergetic profiles and response to the various injections reveals key components of
both oxidative phosphorylation and glycolytic pathways. The HPV-negative cell lines had
significantly higher basal ECAR and OCR compared to the HPV-positive cell lines. The
difference between maximal and basal ECAR is considered the glycolytic reserve capacity
of cells and calculation (Fig.5-3D) demonstrates that HPV-negative cells have the potential
for much higher glycolytic rates than their virally derived counterparts, and from the
OCR/ECAR ratio these cell lines of SCC2 and SCC90 were indeed relying more on

mitochondrial respiration for their energy requirements. Interestingly despite their
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increased reliance on glycolysis, the respiratory capacity of SCC25 and SCC89 were also
greater than the HPV-positive group indicating that these cell lines have greater potential
for ATP production and could in theory switch between OXPHOS and glycolysis to satisfy
greater bioenergy demands depending on various tumour factors such as blood supply,

hypoxia and the surrounding microenvironment.
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Figure 5-3. Bioenergetic profile of HPV-positive and HPV-negative cell lines. The extracellular

acidification rate (ECAR) and oxygen consumption rate (OCR) were measured using
an extracellular flux analyser (Seahorse Bioscience) to estimate glycolysis and
mitochondrial respiration respectively. Two HPV-negative (SCC25, SCC89) and two
HPV-positive (SCC2, SCC90) HNSCC cell lines were studied with a minimum of four
replicate wells per experimental run. Data from one representative experiment is
shown (n=2). Port injections as indicated in (A) & (B) included glucose (5mmol/l),
the ATP synthase inhibitor oligomycin A and finally FCCP to uncouple mitochondria
or 2-DG to cease glycolysis. HPV-negative cell lines demonstrated globally elevated
OXPHOS and glycolytic rates with increased respiratory capacity (A) and glycolytic
capacity (B, D). C, The OCR/ECAR ratio was calculated to determine the
determination reliance on respiration vs glycolysis for a cell’s bioenergetic
requirements. This demonstrated a significantly reduced OCR/ECAR ratio in HPV-
negative compared to HPV-positive cell lines, indicating the latter are more reliant
on oxidative phosphorylation for ATP requirements than glycolysis (ANOVA,
Tukey's multiple comparisons, P<0.01 for all comparisons HPV-ve vs HPV+ve cell
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lines). D, ECAR values between cell lines were utilised to calculate the glycolytic
rate (maximum rate measurement before oligomycin injection — last rate
measurement before glucose injection) and glycolytic capacity (maximum rate
measurement after oligomycin injection — last rate measurement before glucose
injection), expressed as mpH/min.

Both HPV-positive cell lines appeared to be operating closer to their maximal respiratory

capacity under standard cell culture conditions.

5.5 In vitro expression of metabolic markers

Whilst the high-affinity glucose transporter GLUT1 allows rapid uptake of glucose to
accommodate an increase in glycolytic rate in response to, for example, hypoxia, it is part
of a co-ordinated transcriptional response to such conditions (Burrows et al., 2010) and
therefore a number of other targets can be analysed to get a global picture of a cancer
cells metabolic phenotype. Lactate dehydrogenase A (LDHA) is one of the enzyme’s
subtypes favouring the production of lactate from pyruvate and has been found to be
upregulated in a number of tumour types (Lewis et al., 1997; Shim et al., 1997).
Furthermore this end by-product of glycolysis, lactate, requires close control within a
cell’s homeostatic capabilities and a number of different transporters have been
implicated in maintaining this balance such as the monocarboxylate transporters (MCT1-
4), of which MCT1 and MCT4 are the most researched due their localisation to the cell
membrane. We obtained two cell lines of presumed HPV+ve origin: SCC2 and SCC90
(courtesy of Susanne Gollin, UPMC, PA). Polymerase chain reaction (PCR) was performed
to confirm the presence of E6/E7 oncoprotein RNA at an expected DNA band of =300bp
and following confirmation of the cell lines’ HPV origin, we analysed a panel of both HPV-
negative and HPV-positive cells for expression of the above proteins of interest (Fig. 5-2).
The results of this protein expression analysis indicate an in vitro pattern with a distinct
expression of metabolic markers between HPV-positive and —negative cell lines. This was
most demonstrable for MCT1 expression, which will be investigated further in Chapter 6,
but the data supported the hypothesis of a different metabolic signature existing

between these two subgroups of HNSCC cell lines.
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Figure 5-4. The presence of an HPV origin of cancer cell lines results in a distinct protein
expression profile of glycolytic markers. A, Custom E6/7 primers were designed
(KM; Appendix A) and RNA extracted from presumed HPV-positive cells lines (SCC2,
SCCI90) was compared with that from known HPV-negative cell lines (SCC25, Detroit
562) following amplification by PCR, run on a 2% agarose gel. RNA-ase free water
was included as a negative control in the PCR. HPV origin of SCC2 and SCC90 was
confirmed following observation of bands at approximately 300bp. B, A panel of
HPV-negative (SCC25, SCC72, SCC89) and confirmed HPV-positive cell lines (SCC2,
SCC90) were analysed for protein expression of key metabolic markers of LDHA,
MCT1 and MCT4 by Western blotting. HSC70 was used as a loading control.

5.6 GLUT1 expression in HNSCC

Tumour cells exhibit a preference for glycolytic metabolism through the Warburg effect
and many of the features common to tumours such as hypoxia, result in an upregulating
glucose transporter (GLUT) expression (Heiden, 2009). GLUT1 in particular has been
shown to strongly correlate with tumour growth and poor prognosis (Szablewski, 2013)
and is a common reference target used when discussing the promotion of glucose uptake
supporting the Warburg effect in tumour cells (Rigo et al., 1996). The correlation between

GLUT1 and FDG accumulation is still unclear but the glucose transporter has been found
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to be upregulated in HNSCC in a number of studies (Kunkel et al., 2003; Mellanen et al.,
1994; Reisser et al., 1999; Tian et al., 2004).

GLUT1 is therefore a useful initial marker for the characterisation of tumour
metabolism. We re-analysed a previously stained TMA slide library for GLUT1. As
previously, patients for this analysis had been taken from a large cohort of combined
OPSCC patients from University Hospital Southampton (2000-10), Poole NHS Foundation
(2000-6) and Bart’s and the London NHS Trust (2000-6) and collated by Mr. Matthew
Ward (M. J. Ward et al., 2014; See Table 3-1 for patient demographics). The purpose of
this re-analysis was to compare HPV-positive and HPV-negative HNSCC for GLUT1 scoring
and thus start our comparison of the metabolic profile of these two tumour groups (Fig.
5-5). An established GLUT1 stained library was stratified as either high (moderate/strong
staining) or low (absent/weak staining) and we found that high GLUT1 scoring was
significantly associated with HPV-negativity (P<0.0001). Interestingly we found no
significant association between GLUT1 score and prognosis in the two groups (Fig 5-5

B&C), although there was a strong trend in the HPV-positive cohort.
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Figure 5-5. Clinicopathological data for GLUT1 scoring in HNSCC TMA. A, Cross-tabulation
comparison of GLUT1 scoring (Low vs. High) by HPV status. Significantly higher
GLUT1 scoring was observed in HPV-negative tumours compared with HPV-positive
tumours (P<0.0001). B, C, Kaplan-Meier curves for HPV-negative (left) and HPV-
positive OPSCC (right). On log-rank testing, no significant correlation was observed
between GLUT1 scoring and disease specific survival irrelevant of HPV status
although a trend approaching significance was observed in HPV-positive tumours.

By itself, an increase in GLUT1 expression may represent a variety of intra-tumoural

features such a hypoxia, or a preference of alternative glucose transporters to mediate

the glycolytic pathway. However, the increase preponderance of GLUT1 expression in

HPV-negative tumours suggests that this tumour group has an increased glycolytic rate

requiring an increase in these high affinity glucose transporters, in keeping with our

previous in vitro metabolic flux analysis.
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5.7 RNA expression panel of metabolic markers in HNSCC

Our initial screen of GLUT1 expression in an HNSCC TMA and subsequent cell line screen
of important enzymes/transporters involved in lactate homeostasis suggested a
significantly altered glycolytic profile between HPV-positive and —negative disease. Our
real time extracellular flux analysis confirmed a higher glycolytic rate and reserve in HPV-
negative cell lines. We utilised a previously collated local RNA database from a
prospective patient cohort including 10 HPV-positive and 13 HPV-negative subjects
(Woods et al, in press). Only tumours with a positive RNA signature for both oncoproteins
E6 and E7 together with clinical correlation from p16 staining were classed as HPV
positive (Robinson et al., 2010). Sequencing data was generated using PolyA selected RNA
extracted from whole tumour tissue from each patient. Reads were mapped to the
human genome (hg19) with Tophat 2.0.13 and then counted using HTSeq. The raw count
data were normalised for library size between samples using the trimmed mean of M-
values (TMM) method followed by applying a negative binomial model to obtain
dispersion estimates. Genes were excluded that had less than 2 read counts per million
(CPM) in 25% of samples, giving a total of 14,528 genes. From this dataset, we extracted
read counts in both tumour groups of key genes involved in glycolytic and mitochondrial
respiration gene in order to validate our previous protein work and in vitro cell line
analysis. Therefore as well as investigating differences in expression of previously
investigated genes including GLUT1, LDHA, MCT1 and MCT4, we also added LDHB, PDK1,
HIF1A, PKM2, SDHD, NDUFA13 and TOMM20 to the panel (Fig. 5-6). We have already
discussed the association of LDHA and tumour growth, but LDHB has also been associated
with several cancer types, although the association is more complex (Doherty and
Cleveland, 2013). Hypoxia-inducible factor 1 (HIF1A) increases the expression of a number
of glycolytic markers and enzymes including GLUT1 and pyruvate dehydrogenase kinase 1
(PDK1), which phosphorylates and inactivates pyruvate dehydrogenase and therefore
blocks entry of pyruvate into the tricarboxylic acid cycle (TCA), essentially decoupling
glycolysis and OXPHOS (Kim et al., 2007, 2006). Another key enzyme regulating glycolysis
and the Warburg effect in highly proliferating cells is pyruvate kinase M2 (PKM2), which
determines the conversion of pyruvate to lactate (Christofk et al., 2008). PKM2 slows the
metabolic passage through glycolysis and this allows the diversion of intermediates into

macromolecule and NADPH production through the pentose phosphate pathway; a vital

131



Chapter 5

component of rapidly dividing cells (Cairns et al., 2011). To give representation to
OXPHOS genes we selected genes from Complex | and Il in the respiratory chain, including
NDUFA13 (Complex I) and succinate dehydrogenase (SDHD, Complex Il) as well as
mitochondrial import receptor subunit TOM20 homolog (TOMM20), which correlates
with mitochondrial mass and OXPHOS metabolism. NDUFA13 is integral to the enzymatic
activity of complex | and loss has been reported in several cancer types (Gong et al., 2007;
Kalakonda et al., 2007) and SDH oxidizes succinate to fumarate in the TCA cycle and
mutational effects on function have been implicated in hereditary paragangliomas and

phaeochromocytomas (Baysal et al., 2000).
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Figure 5-6. RNA expression panel of key metabolic genes comparing HPV-positive (n=10) with
HPV-negative (n=13) HNSCC. mRNA levels are expressed as log2 gene expression.
CDKN2A (p16™**®) is included as validation for determination of HPV positivity as
clinically corroborated with IHC. Read counts compared with non-parametric
Mann-Whitney test following graphical confirmation of non-normalised data
distribution. Significantly increased expression levels in HPV-negative tumours are
observed for LDHA (P=0.0143), LDHB (P=0.0143), MCT1 (P=0.0075), HIF1A
(P=0.0213), PKM2 (p=0.0022) and TOMMZ20 (P=0.0013) whilst PDK1 alone was
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elevated in HPV-positive tumours (P=0.0452). No difference between groups was
observed for GLUT1 (P=0.0843), MCT4 (P=0.586), SDHD (P=0.863) or NDUFA13
(P=0.202).

This expression panel broadly supports our previous in vivo and in vitro data although
such detailed RNA expression data raises some extra interesting points of discussion.
Overall there is widespread elevation of RNA expression of genes associated with
glycolysis including LDHA, HIFIA and PKM2 in the HPV-negative group. This trend was also
present for GLUT1, although it did not reach significance (P=0.0843). The OXPHOS target
RNA for components of complex | and Il showed no significant difference between groups
but TOMM?20, a protein found in the outer mitochondrial membrane that correlates with
OXPHOS (Wurm et al., 2011), was highly expressed in HPV-negative tumours, consistent
with our flux analysis data where both ECAR and OCR were elevated in these non-virally
derived cell lines. Interestingly there was an elevation in PKM2 in HPV-negative tumours,
suggesting that there is more diversion of glycolytic intermediates into biosynthetic
pathways such as the pentose phosphate pathway for macromolecule production. This
was also consistent with our cell line data showing that HPV-negative cancer cells are
globally metabolically more active with greater energy requirements in keeping with the
requirement for redox balance in the presence of rapid cell division. It may also help to
explain why our HPV-negative cell lines demonstrated a greater glycolytic capacity in
vitro, with their full glycolytic potential moderated by elevated PKM?2 to allow for
intermediate shuttling for nucleotide and NADPH production.

RNA expression data alone doesn’t necessarily fully explain the clinical picture. The
phenotypic effect of these changes depends on protein expression, post-transcriptional
regulation, duration of protein action and levels of activated protein, especially important
when considering enzymatic processes. However analysis of this dataset supports
previous results demonstrating that when considering glucose metabolism, HPV-negative

tumours exhibit greater glycolytic rates and glycolytic capacity.

5.8 Metabolic signature from RNASeq data

The immunohistochemistry, clinical imaging and RNASeq data presented thus far have

provided evidence in multiple different patient cohorts and cell lines of a glycolytic
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signature in HPV-negative tumours. This raises the question however of whether other
metabolic pathways differ between the two patient groups or whether the unique
phenotype is confined to glucose metabolism pathways. This could have important
implications for diagnosis, target identification and metabolic treatments in HNSCC and
therefore warrants further investigation. To examine all metabolism related genes, we
collected ID codes for all metabolism-related sub-pathways from the KEGG PATHWAY
database (http://www.genome.jp/kegg-bin/get_htext#B1). MetabolicMine
(http://www.humanmine.org/) was then utilised to perform a gene query for all genes
involved in the identified pathways. Non-human species results were excluded and all
gene symbols were converted into ensemble IDs. All genes were matched to related IDs
apart from 3 genes which were lost in cross conversion (GALNTL2, GALNTL4, PTPLA). 111
metabolism-related genes were identified in the differentially expressed genes (DEG)
between HPV+ve and —ve tumour samples (Fig. 5-7A) using the same RNASeq Poole
Hospital patient dataset from Fig.5-6. The top up- and down-regulated genes were pulled
from the dataset and are listed in Fig. 5-7B. Pearson’s correlation analysis metric was
used to produce a heat map of these 111 common genes coded for DEG values (Fig. 5-7C;
performed together with Dr. J. Woo [Bioinformatics core, University of Southampton]).

A brief inspection of the global DEGs between the two patient groups indicated
involvement of a large group of genes both inside and outside of carbon metabolism
pathways. A closer analysis of the top differentially expressed genes certainly indicates a
sizeable down regulation of genes involved in glycolysis in the HPV-positive group (Fig. 5-
7B). For example, phospholipase A2, significantly down-regulated in the HPV-positive
cohort, is an important enzyme involved in accelerating glucose utilization (Miwa et al.,
1993) and similarly the significantly reduced expression of the glycolytic enzyme
hexokinase in this group, a glycolytic enzyme that supports rapid proliferation (Wolf et al.,
2011), is supportive of this hypothesis. It is also interesting to note the appearance of
glutaminase as being up-regulated in the HPV-positive group, raising the suggestion that a
reduction in the glycolytic flux rate here is resulting in an increase in glutaminolysis to

balance energy production.
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Figure 5-7. RNA sequencing analysis of HPV positive vs HPV-negative tumours in previously
collected prospective HNSCC patient cohort. Genes in involved in global metabolism pathways
were extracted from KEGG and compared against differentially expressed genes (DEG) from
patient samples. A, 111 metabolism-related genes were identified in the differentially
expressed genes (DEG) between HPV+ve and —ve tumour samples. B, Top 20 DEG based on up
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or down-regulated log2 fold changes were extracted for inspection together with significant P-
values. All fold changes represent changes in HPV-positive group compared to HPV-negative. C,
Heat map of 111 common genes coded for DEG values as illustrated. Patients clustered in
accordance with HPV status (black HPV-ve (left), grey HPV+ve (right)) for metabolism genes
except for two outliers (patient15, patient20), both of whom exhibited unique histopathological
features.

The observed clustering between HPV+ve and HPV-ve samples validates our
hypothesis of a unique metabolic signature beyond simply glycolysis and OXPHOS genes
separating these two groups as this heat map relates to all metabolism related genes.
There were two noticeable outliers in the heat map and representative pathological slides
were inspected by a Consultant Pathologist (GT) to identify any abnormal features: one
(Patient15) was histologically confirmed as basaloid subtype, a particularly aggressive
subtype, and the other (Patient20) had unusual keratinization normally associated with
HPV-negative disease although in all other metrics it was classified as HPV-positive. In
order to corroborate this unsupervised clustering, we performed principal component
analyses (PCA; Fig. 5-8A). The commonly used definition for PCA is “a mathematical
algorithm that reduces the dimensionality of the data while retaining most of the
variation in the data set” (Ringnér, 2008) but essentially it is of most use as a data
visualisation technique to reveal the internal structure of the data. However it is a linear
and parametric method and therefore a new technique of t-Distributed Stochastic
Neighbour Embedding (t-SNE) was also used as it is particularly adept at visualising high-
dimensional datasets (Maaten and Hinton, 2008) (Fig. 5-8B).

Both of these unsupervised clustering techniques, which help in visualisation of our
expression matrix dataset, clearly demonstrate separation of our two patient groups with
near complete partition. The t-SNE technique of dimensionality reduction is gaining
increased popularity in the literature due to its avoidance of co-ordinate crowding but the
separation of the two groups on both different algorithm techniques based on all
metabolism-related genes adds strong evidence to the hypothesis that the presence of an

HPV-origin in tumours transforms a variety of different metabolic pathways.
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Figure 5-8. Unsupervised Clustering of 1205 Metabolism related genes. A, Principal Component
Analysis (PCA plot), which visualizes our dataset as a set of coordinates in a high-
dimensional space. As a technique to summarise our gene expression matrix, this
technique identifies a smaller number of uncorrelated variables, or principal
components (PC) in order to map our data, reducing the dimensionality whilst
retaining the sample variance. B, t-Distributed Stochastic Neighbour Embedding (t-
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SNE) is an alternative technique for visualising high-dimensional data by giving each
datapoint a location in a two (or three) dimensional map allowing dimensionality
reduction whilst avoiding datapoint crowding.

Finally to identify the involved pathways involved by these global metabolism
changes between the two different tumour groups, we performed ontology analysis with
the 111 differentially expressed genes (GO analysis performed in ToppGene (Chen et al.,
2009)) and results were summarized in REVIGO(Supek et al., 2011) (Fig. 5-9).
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Figure 5-9. Gene ontology analysis of 111 common genes. A, Analysis was performed in

ToppGene and summarised as a scatterplot of cluster representative terms in
REVIGO based on semantic similarity. Bubble colour indicates the user-provided p-
value and bubble size indicates the frequency of the GO term in the underlying
database. Clusters with the largest and most significant values have been
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highlighted with text descriptions. B, Top 20 GO terms based on hit counts in the
query term have been extracted and represented graphically.

This pathway analysis and visualization technique allows a clear summarisation of
involved gene ontology lists by reducing functional redundancies whilst allowing a two-
dimensional plot of results (Fig. 5-9A). The illustrated scatterplot demonstrates that a
diverse set of metabolism pathways are enriched between HPV-negative and —positive
tumours including some of those we would expect in highly proliferating cells, such as
nucleotide biosynthesis and carbohydrate metabolism, but also a variety of other
pathways including, for example, fatty acid biosynthesis, lipid metabolism and amine
metabolism. For further clarity the top 20 GO terms based on significantly enriched hit
counts have been extracted and displayed (Fig. 5-9B), highlighting again that there a

diverse array of different metabolic pathways between the two groups of tumours.

5.9 Correlation of glycolytic phenotype with FDG PET imaging

FDG-PET combined with computed tomography (CT) imaging is now a mainstay in clinical
practice in head and neck oncology following repeated studies demonstrating its accuracy
and sensitivity (Davison et al., 2010; Imsande et al., 2011; Isles et al., 2008; Subramaniam
et al., 2010). Prior research has often been limited by HPV-negative sample size due to
the emerging dominance of HPV-related tumours in the oropharynx and the previous
relatively confined use of this imaging modality to this anatomical site. However,
widespread reporting of glycolytic parameters in these comparative studies enables us to
produce a virtual data-series combining these studies. There is wide variation of reported
glycolytic parameters across studies and indeed a number of metrics can be obtained
from original FDG-PET scans including, but not limited to, mean standardised uptake
value (SUV(mean)), maximum standardised uptake value (SUV(max)), total lesion
glycolysis (TLG) and metabolic tumour volume, the latter two requiring further volume of
interest calculations. The relative tissue uptake of FDG is the most important factor and
therefore the standardised uptake value is the best relative measure, compensating for
patient size and amount of injected ' FDG (Thie, 2004). Whilst there are inherent
variations in physical and biological characteristics between scans including variable

image acquisition and analysis parameters, SUV(max) has been proposed as a more
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accurate estimate of the true SUV than SUV(mean) and also has improved reproducibility
(Kinahan and Fletcher, 2010).

The following search strategy was utilised on Medline: ((FDG OR PET) AND (HPV OR
papillomavirus)), with all fields included and including dates 1946-present. Titles and
abstracts were scrutinized and full texts of relevant and related articles were retrieved.
Only English language articles analysing the direct comparison between FDG-PET results
in HPV-positive and HPV-negative HNSCC were selected. Reference lists of key articles
were cross-referenced to identify additional articles. A total of 85 were identified with
this search strategy and 71 were excluded following initial screening. Full articles for the
remaining 14 papers were reviewed and from this, 7 were eligible for inclusion. However,
there was a variation in the reporting of median versus mean SUV(max) scores between
the two patient groups across these studies. To enable direct comparison, we utilised a
published, validated approximation method for estimating the mean and standard
deviation from the reported median, minimum and maximum values and study size (Wan
et al., 2014). We also collected our own primary database of SUV(max) scores from two
larger tertiary referral centres: Portsmouth Hospitals NHS Trust (2014-2015) and St
Georges University Hospitals NHS Trust (2011-current). All patients with oropharyngeal
disease who had undergone both PET-CT imaging and P16 immunotyping were eligible
but due to the use of external imaging equipment and radiology reporting, there was
limited data available for the majority of patients (N = 26; Age range 42-87 years). Our
results indicated a mean SUV(max) score of 11.7 in the HPV-negative cohort (n=7, SD =
9.59) and 11.3 in the HPV-positive group (n=19, SD = 7.36). Similar data was collected
from all relevant papers, where stated. Due to the lack of numbers of studies examining
this subject we included all papers, where appropriate results statistics had been
presented, in a meta-analysis. We also included our own collated data in this analysis (Fig.
5-10). A mean difference approach was utilised whereby the standard deviations (SD) are
used together with sample size to calculate the study weight due to the variations
between studies likely related to outcome measure reliability rather than significant
differences between the study populations. Summary statistics show there to be

moderate heterogeneity between studies (I° statistic = 0.42).
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HPV NEGATIVE HPV POSITIVE
PAPER
Sample size SUV(max) Samplesize SUV(max)
Baschnagel et al. 2015 45 17.3 52 16.3
Clark et al. 2015 n/k 13.7 n/k 10.3
Fleming et al 2016* 7 11.7 19 11.3
Garsa et al. 2013 18 11.95 25 13.25
Huang et al. 2015 49 17.7 30 17.5
Joo et al. 2014 50 9.72 28 9.1
Schouten et al. 2014 28 13.53 17 8.57
Tahari et al. 2014 98 6.43 25 5.13
HPV-ve HPV+ve Mean Difference
Study or Subgroup  Mean [SUV(max)] SD [SUV(max)] Total Mean [SUV(max)] SD [SUV(max)] Total Weight IV, Fixed, 95% CI [SUV(max)]
Baschnagel 2015 173 6.86 45 163 7.08 52 25.3% 1.00[-1.78, 3.78]
Fleming 2016 11.7 9.59 7 113 7.36 19 3.2% 0.40 [-7.44, 8.24]
Garsa 2013 11.95 6.97 18 13.25 5.14 25 13.5% -1.30(-5.10, 2.50]
Joo 2014 9.72 455 28 91 5.13 50 40.2% 0.62 [-1.59, 2.83]
Schouten 2014 13.53 5.98 17 857 461 28 17.8% 4.96 [1.64, 8.28]
Total (95% CI) 115 174 100.0% 1.22 [-0.18, 2.62)
Heterogeneity. Chi? = 6.93, df = 4 (P = 0.14); I = 42%
Test for overall effect: Z = 1.71 (P = 0.09)
Mean Difference
IV, Fixed, 95% CI [SUV(max)]
—
o
-1o -5 s 10
HPV-ve HPV+ve

Figure 5-10. Combined FDG-PET derived SUV(max) scores from literature review (1946 —
present) between HPV-negative and HPV-positive tumours. A, Table of collated
mean SUV(max) scores alongside sample numbers for all relevant studies (* = own
data, unpublished). Where mean SUV(max) was not reported, Indicated mean
values were estimated from reported median, range and sample size as per Wan et
al. (2014; italics)) (n/k = not known). B, C Table and Forest plot of comparison of
SUV(max) for HPV-negative vs HPV-positive patients (mean difference, fixed effect
analysis). Difference in means was + 1.22 (-0.18-2.62 [95% Cl]), indicating a strong
trend for higher SUV(max) scores in HPV-negative disease although no overall
difference in SUV(max) scores between the two groups.

Overall summary statistics show there to be no overall difference between
SUV(max) scores based on viral status, although there is a strong trend for higher
SUV(max) scores in the HPV-negative populations (Z statistic = 1.71 (P=0.09; mean
difference = 1.22 (95% CI -0.1 — 2.62). This result supports the important clinical decision

that this PET output marker does not exhibit a significant enough differential accuracy
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alone to determine the viral status of primary tumours. However, the strong trend for
higher SUV(max) scores in the HPV-tumours is consistent with immunohistochemistry,

protein and RNA screens of related glycolytic markers.

5.10 CtBP2 represses CTEN expression in HNSCC cell lines

We have previously shown that both glycolysis and CTEN expression are both tumour
promoting and associated with poor disease-specific prognosis. Our group has also
produced evidence that CTEN is a target for metabolic sensors based on gene microarray
results in HNSCC (Chrzan et al, 2014; unpublished). We therefore examined for a possible
transcriptional relationship between CTEN and the CtBPs, important cell metabolic
sensors that regulate a network of gene transcription in response to metabolic stimuli.
Western blotting analysis demonstrated that CTEN expression was increased 2.8 fold in
SCC25 cells following CtBP2 knockdown and an increase was also noted in other HNSCC
cell lines (BICR56 (tongue) and BICR6 (hypopharynx); Fig. 5-11A&B). CTEN mRNA levels
following CtBP2 knockdown were similarly increased, upto 3-4 fold (P < 0.05) over control
siRNA-treated cells across HNSCC cell lines (Fig. 5-11C), albeit significance was not
reached in the additional cell lines due to large error bars. A subsequent time—course
analysis was performed in SCC25 cells and demonstrated that this mRNA abundance
change occurred as early as 24 hours following siRNA transfection (Fig. 5-11D), which
would be consistent with a transcriptional level response.

The effect of CtBP2 knockdown on CTEN expression was also evident on
immunofluorescent staining (Fig. 5-11E). Interestingly we also observed a change in

localisation of CTEN following CtBP2 knockdown, as well as a change in cell morphology.
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Figure 5-11.

CTEN expression upregulated in CtBP2 knockdown cells across head and neck cell
lines. A, SCC25 cells transfected with non-targeting control, CtBP1 or CtBP2 siRNA
were harvested at 48 hours and then screened for TNS3 and CTEN expression by
Western blotting. Following confirmation of a repressive effect of CtBP2 on CTEN
expression at the protein level, two other head and neck cancer cell lines were
screened for CTEN expression following CtBP2 knockdown to confirm the effect
across cell lines. HSC70 was used as a loading control. The relative densitometry
normalised to HSC70 controls is presented in B. C, Real-time Tagman® PCR assay of
CTEN target was performed to confirm results at RNA level across cell lines. Results
were normalised to a B-actin control. D, Time course repeat of PCR was performed
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in SCC25 cells and CTEN expression fold change is illustrated. E, Cells were cultured
on cover slips in preparation for immunofluorescence staining at 48 hours post-
transfection. Nuclear (DAPI) and CTEN (Alexa Flour® 488) staining was performed
and identical exposure times and camera settings were used for each image
capture. 40x high-power images captured. Representative captured images are
shown.

While in Ctrl siRNA-treated cells, CTEN demonstrated a peri-nuclear pattern in
keeping with previous findings of Golgi localisation (Fig. 4-1), following CtBP2 knockdown
a diffuse cytoplasmic staining pattern became evident, potentially in keeping with a global
induction of transcription and translation. Although a reciprocal reduction in CTEN RNA
expression was observed with CtBP1 knockdown in SCC25 cells (Fig. 5-11C), this was not
observed at the protein level and not reproduced in other cell lines.

As previously described, CtBP1 and 2 are transcriptional repressors with the ability
to detect elevated free nuclear NADH and then modify their activity to regulate
expression of multiple genes (Zhang et al., 2002). Given our novel findings that CTEN is
potentially a previously unreported target of CtBP2, we wanted to confirm that there was
indeed a true repressive effect on CTEN expression and not an off-target effect from a
single siRNA sequence. Therefore a new set of siRNAs targeting different sequences for
CtBP1 and CtBP2 was utilised and CTEN expression was again measured at both
translational (Fig. 5-12A) and transcriptional (Fig. 5-12B) level, simultaneously comparing
the effect with that obtained using the original siRNA sequences. This screen indicated
that the mechanism of CTEN control exhibited by CtBPs was potentially not specific to

one isoform and both siRNA sequences may result in increased CTEN expression.
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Figure 5-12. Elevation of CTEN expression following CtBP2 knockdown is consistent across siRNA
sequences. SCC25 cells were transfected with either CTRL, CtBP1 or CtBP2 siRNA. A,
siRNA oligo label (1) corresponds to the custom siRNA used for assays to this point
in our laboratory whereas label (2) corresponds with the newly tested sequences.
All siRNA sequence information can be found in Appendix A. CTEN protein and RNA
expression was analysed at 48 hours following collection, by Western blotting (A,
sequence 2 only) or Real-time Tagman® PCR assay respectively (B). HSC70 was used
as a loading control in Western blots and C; values from PCR replicates were
normalised to B-actin control.

5.11 Regulation of CTEN expression by in vitro stimulation of glycolysis

Using various environmental stimulants as previously demonstrated, we can promote a
tumour cell’s glycolytic pathway and by inducing metabolic sensor activation secondary to
NADH generation, we can observe the effect on protein expression (Kim et al., 2005). For
example, cancer cells will take up glucose at a high rate for aerobic glycolysis with a
corresponding glucose induced inhibition of cell respiration, known as the Crabtree effect
(Dell” Antone, 2012). Similarly, simulated hypoxic conditions will activate hypoxia-
inducible factor 1 (HIF1A) to amplify the transcription of genes encoding glucose
transporters and most glycolytic enzymes, increasing the glycolytic capacity (Semenza,
2000). An increased glycolytic rate resulting in an increased reduction of NAD* to NADH,

reducing the [NAD']/[NADH] ratio, is a key activator of CtBP function and likely
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differentially regulates CtBP-mediated repression (Chinnadurai et al., 2007). We have
provided evidence suggesting that CTEN may be a novel transcriptional target for CtBP2
and that this may have a functional effect on a tumour cells phenotype. We therefore
investigated whether this relationship had direct clinical relevance by attempting to
replicate CTEN repression in response to glycolysis-promoting conditions that may be
encountered by tumours in vivo through NADH-mediated activation of CTBP2 and
dimerisation. These conditions included exposing SCC25 cells to increasing concentrations
of glucose (Fig. 5-13A, B, C), as well as culture within a hypoxic chamber (Fig. 5-13D) and
CTEN expression was examined at the 48-hour time point. Reduction of CTEN protein
expression upon exposure to increased glucose availability was reproducible across cell
lines. Change in CTEN mRNA level exhibited a downward trend but was only significant at
the extremes of glucose concentrations (P<0.05). Similarly, hypoxic culture conditions
resulted in reduction of CTEN protein expression. Whilst the glycolytic conditions
produced in this experiment would be expected to induce global transcriptional
repressive activity of the CtBPs, these findings do closely reproduce the expected effect of
a direct CtBP2 repression of CTEN and provide further evidence that glycolysis may

contribute to functional effects through transcriptional regulation of CTEN.
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Figure 5-13. CTEN expression is repressed in glycolytic conditions. SCC25 cells were cultured for
48 hours in increasing concentrations of glucose-supplemented media (A, B, C) or
hypoxia (D; n=1) in order to stimulate glycolysis. CTEN expression was analysed by
Western blotting (A, D) or Real-time Tagman® PCR assay (C). HSC70 was used as a
loading control in Western blots and C; values from PCR replicates were normalised
to B-actin control. (B) Western blots from cell line screen in (A) were quantified by
densitometry analysis and normalised to loading controls on Image) software. (C)
Only CTEN mRNA levels comparing 0mmol/I [glucose] to 20mmol/l were
statistically significant (p<0.05). Representative results are demonstrated.

5.12 CtBP2 is recruited to the CTEN promoter

In order to address whether CtBP2 is directly recruited to the TNS4 (CTEN) gene
promoter, CtBP chromatin immunoprecipitation (ChIP) was performed using chromatin
from SCC25 HNSCC cells and either a control IgG or anti-CtBP antibody (Fig. 5-14). The
CtBP antibody utilised (Appendix A) is not specific for any particular CtBP monomer but
has been previously validated for use in ChIP (M. Chrzan, final PhD thesis). A screen of
TNS4 PCR primer sets identified a fragment proximal to the first exon transcription start

site as a likely binding site (Primer 10; Fig. 5-14A). A primer set originally designed for the
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E-cadherin (CDH1) promoter site (Shi et al., 2003), as recently validated by Chrzan (PhD
thesis, 2013), was used as a positive locus control . An internal control of Primer set 1 for
CTEN, located furthest from the likely binding site was utilised in further experiments as
an internal control and CtBP did not localise to this fragment (Fig. 5-14B), and the
negative control IgG ChIP with the CTEN primers also did not yield any signal. Robust CtBP
binding was observed with the CTEN promoter region in chromatin from two separate
culture batch collections and diluted input chromatin was used for PCR semi-
guantification (Fig. 5-14B, left panel), which demonstrated a 26% relative density
compared to 1/30 diluted input control (Fig 5-14C, right panel). These findings confirm
CtBP2 recruitment to the CTEN promoter and validate the previously observed
transcriptional relationship between CTEN and CtBP2. Negative and positive control loci
primer pairs for Talin (TLN1) as validated previously (Chrzan, PhD thesis, 2013) were also
tested using the same chromatin to confirm specificity of the reaction. Sequence details
for all primers used, together with graphical representation of the design of the TLN1

primer site is shown in Appendix D.
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Figure 5-14. CTEN is a transcriptional repression target for CtBP. ChIP assay of the CTEN
promoter was performed using chromatin obtained from SCC25 cells. After
immunoprecipitation with anti-CtBP or control IgG antibodies, diluted input DNA
was amplified by PCR. A, Multiple primer sets spanning the 327bp TNS4 promoter
were screened for likely binding sites, including a negative control (IgG) and
positive control (E-cadherin (CDH1) promoter) PCR products were electrophoresed
in an agarose gel and stained with ethidium bromide. B, Experiment was repeated
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with new chromatin from a separate SCC25 batch and diluted range of input
controls included for semiquanitification. Primer set 1 was used as an internal
negative control due to its location furthest from the likely binding site (left panel).
Quantitation of the ChIP results shown in right panel. Experiment shown is
representative of 3 independent experiments. C, Talin (TLN1) promoter pairs for
positive (8a, 8b) and negative (4) controls were used with same chromatin sample
to confirm specificity.

5.13 Discussion

After almost a century since Otto Warburg first described a tumour’s preference for
glycolysis (Warburg et al., 1926), cancer metabolism has been subject to a resurgence of
interest. The reasons for this stem from both a clinical and oncology research perspective
- observations of the usefulness of *®FDG-PET scanning and the close links discovered
between oncogenes and metabolism pathways (Yeung et al., 2008). In addition, new
metabolic targets continue to be identified in a variety of tumour types. However, to date
there has been sparse research into the metabolic phenotype of HNSCC (Sandulache and
Myers, 2012). HNSCC has been shown to be particularly reliant on high rates of glucose
uptake and subsequent aerobic glycolysis (Sandulache and Myers, 2012) and clinically
FDG uptake, primarily via GLUT-1 receptors, reflects the dynamic glucose metabolism of
these tumours (Nakamura et al., 2012). This is likely to be highly clinical relevant as GLUT-
1 expression has been shown to correlate with aggressive HNSCC disease (Kunkel et al.,
2003; Li et al., 2008; Reisser et al., 1999) and acidification of the microenvironment has
also been correlated with reduced 2-year metastasis-free survival (Brizel et al., 2001).
The only studies investigating the effects of HPV tumourigenesis on tumour metabolism
have been in gynaecological disease (Caneba et al., 2012; Chung et al., 2013; Dier et al.,
2014). The availability of real-time flux analysis together with next generation data
analysis technigues means that we now have comprehensive research technology to
investigate metabolic phenotypes from a number of different perspectives.

Our findings of an increased expression of glycolytic markers in HPV-negative
tumours both on immunohistochemistry (IHC), western blotting (MCT1, LDHA) and RNA
sequencing (LDHA, LDHB, MCT1, HIFIA and PKM2) were corroborated by our extracellular
flux analysis findings confirming a higher rate of glycolysis and glycolytic capacity in HPV-

negative cell lines. The reason for this glycolytic preference however is more uncertain;
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glycolysis as an energy producing pathway appears highly inefficient with a net gain of 2
ATPs per glucose molecule compared to the 36 ATPs gained from oxidation (Lehninger et
al., 1982). We can however point to Vander Heiden’s hypothesis (2009) that in the
nutrient rich environment of the tumour bed and surrounding vasculature, ATP
production is never a limiting factor for tumour growth, and the diversion of glucose into
amino acid, fatty acid and nucleotide precursor formation may well explain the selective
advantage of the Warburg effect. Indeed our finding of concurrent higher oxygen
consumption rates in HPV-negative cell lines is consistent with other studies noting that
mitochondrial function is not impaired in the majority of cancer cells (Fantin et al., 2006;
Moreno-Sanchez et al., 2007). Furthermore, our RNA sequencing data adds support to
this hypothesis by the demonstrated enrichment of a variety of different alternative
metabolic pathways in the more glycolytic HPV-negative tumour group including fatty
acid, lipid and nucleotide biosynthesis (Fig. 5-9A). Indeed aerobic glycolysis is becoming
more appreciated as one aspect of a complex tumour environment (Krupar et al., 2014b)
and Curry et al. (2013) proposed two different intra-tumoural compartments based on
immunohistochemistry including a proliferative/mitochondrial-rich and non-
proliferative/mitochondrial-poor area as well as an extra-tumoural stromal area
characterised by sparsity of mitochondria. Although this was in a small patient cohort,
this protein analysis of whole tumour sections did enable identification of intra-tumour
heterogeneity. An important suggestion from this work was the proposal of a metabolic
symbiosis between different compartments within a tumour. Indeed the
monocarboxylate transporters were cited as ideal examples of this relationship, having
seemingly opposite effects of lactate influx (MCT1) versus efflux (MCT4). Although we
failed to observe a reciprocal monocarboxylate transporter RNA expression pattern in
these tumours between HPV-negative and HPV-positive groups, the elevated expression
of MCT1 in the former is worthy of further examination and will be discussed in Chapter
6.

The finding of increased pyruvate dehydrogenase kinase in an HPV-positive cohort
(Fig. 5-6) is an interesting discussion point. The pyruvate dehydrogenase complex
occupies a key position at the centre of energy metabolism by promoting the conversion
of pyruvate, Coenzyme A (CoA) and NAD" into acetyl-CoA, NADH and CO, (Zhang et al.,
2014). Inhibition of this complex by pyruvate dehydrogenase kinase (PDK) therefore

results in a shift of metabolism from OXPHOS to glycolysis. Indeed recent HNSCC cell line
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work suggests a level of coordination between OXPHOS, HIF1A and PDK downregulation
(Sun et al., 2009). We found higher RNA expression of PDK1, the predominant form of
PDK in tumour cells (Roche and Hiromasa, 2007), in the HPV-positive group - inconsistent
with our findings of a greater reliance on OXPHOS for energy production in HPV-positive
cell lines in the extracellular flux analysis. It is difficult to interpret this result in isolation
without knowing the oxygenation state of the primary tumour as it may represent a
response to hypoxia in the HPV positive cohort. However we can also hypothesise that it
is an adaptive response to the reduced expression of the various other glycolytic marker
and effectors, to allow some glycolysis to facilitate biosynthesis and may therefore
represent a greater potential therapeutic target in tumours of an HPV-positive origin.

In our analysis of glucose metabolism in HNSCC we have identified not only a
glycolytic phenotype in HPV-negative tumours compared to their HPV-positive
counterparts, but also a globally altered metabolic profile consistent with the
requirements for macromolecule production in rapidly proliferating cells, as well as
alterations in other previously uncited metabolic pathways. This is highlighted most
clearly in our unsupervised clustering methods and gene ontology analysis. Interestingly
our two HPV-positive outliers on heat map representation demonstrate an interesting
correlation between tumour and metabolic phenotype. Repeat analysis of both patients
showed unique pathological features predominating with a known aggressive subtype of
basaloid tumour in one, and unusual keratinising features normally found in HPV-negative
tumours in the other. This finding emphasises that a unique metabolic signature is
associated with an altered tumour phenotype although from this it is not clear which
feature is the driving force for the observed behaviour.

Previous studies have investigated the role of glutaminolysis in tumour cells and our
finding of increased expression of glutaminase in the HPV-positive cohort is worthy of
further discussion. Glutamine turnover depends on the activity of glutaminase, resulting
in glutamate production (Aledo et al., 1994). Glutamine can be used for a variety of
purposes within the cell — providing amino groups for purine and pyrimidine bases in
proliferating cells, or feeding into the TCA cycle and resulting in lactate production
(Eigenbrodt et al.; McKeehan, 1982). In an ovarian cell line, transformation with the E7
oncoprotein resulted in a reduction of glycolysis and an increase in glutaminolysis
(Mazurek et al., 2001), in keeping with our in vitro and in vivo findings in HNSCC.

Glutamate, the result of the glutaminolysis reaction, has been shown to suppress T cell
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activity in vitro (Droge et al., 1987) and a variety of immune cells exhibit glutamate
receptors (Xue and Field, 2011). Our group has already published on the important
prognostic information reflected by tumour-infiltrating lymphocyte levels in HPV-positive
primary tumours and its relevance in the clinical evaluation of this disease (Ward et al.,
2014). Whilst the suppressive effect of lactate on lymphocyte and natural killer cell
function is well recognised (Krupar et al., 2014), the activity of glutaminase and levels of
subsequent glutamate are alternative candidates for further investigation in HPV-positive
HNSCC to assess whether this metabolic pathway is a key regulator of the degree of
immune infiltration in vivo; this could have important potential for therapeutic
applications in this disease either alone or in combination with novel immunomodulatory
agents.

Ultimately the classification of metabolic phenotype in HNSCC has important clinical
relevance. FDG-PET is now a gold-standard investigation for the diagnosis of new primary
and distant metastatic HNSCC as well as post-treatment surveillance and primary
component of this imaging is via GLUT1 receptors (Li et al., 2008). As we have
demonstrated in a meta-analysis that SUV(max) alone is insufficient to distinguish HPV
status in primary tumours, especially given the range of reported metrics and variability
of imaging parameters between centres, we would urge avoidance of further proposals of
arbitrary cut-off values for a clinical use of PET in predicting HPV-positivity. However,
PET/CT standardized uptake value (SUV) measurements have been shown to be
reproducible with both diagnostic and prognostic value in HNSCC (Tahari et al., 2014) but
with these imaging metrics alone, there have been conflicting reports in the literature
about the significance of HPV-related tumours to their glycolytic phenotype. Given the
previously discussed implications of glycolysis on tumour progression and invasion, this
data adds to the growing evidence that targeting glycolytic pathways may yield more
significant value in HPV-negative disease. Indeed the clinical success of FDG PET imaging,
perhaps more than any other reason, justifies further research into potential therapeutic
potential of HNSCC metabolic targets.

Prospective analyses of HNSCC tumour models indicate that increased tumour
lactate levels may be predictive of radioresistance (Quennet et al., 2006) and the
increased glycolysis in HPV-negative HNSCC helps explain their increased resistance to
this treatment modality. A variety of metabolic targets and enzymes involved in glycolysis

have been described and tested in vitro (Sandulache and Myers, 2012) but in HNSCC our
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findings will help direct future trials to target HPV-negative tumours due to their
increased reliance on this metabolic pathway. However, the high respiratory capacity of
these cells may help to explain adaptive mechanisms of these tumours and therefore
symbiotic combined treatment modalities will likely be required to see significant
research successes. Further analysis of metabolic changes in response to some of these
inhibitors may help to delineate the reasons for in vitro and/or in vivo treatment failures
as well as identify alternative metabolic pathways that will need to be targeted in
combined treatments.

In a review of HNSCC metabolism, Sandulache and Myers (2012) recommended key
approaches required to address a significant deficit in the knowledge of tumour cell
metabolism. We have comprehensively addressed the first of these recommendations,
namely to use protein and genomic techniques to identify specific metabolic alterations in
HNSCC. Whilst our initial in vitro and in vivo results suggested fundamental differences in
glucose metabolism between HPV-negative and —positive disease with a prominent
glycolytic profile in the former, a wider analysis of metabolism between the two groups
revealed a globally altered metabolic profile involving numerous other metabolic and
biosynthetic pathways. The detailed analysis of differing metabolic profiles of HPV-
negative compared to HPV-positive disease that we have performed forms a sound basis
for future research, enabling analysis and identification of future therapeutic targets.

Whilst the effect of a glycolytic phenotype in HNSCC has been associated with poor
prognosis, the selective advantage that this confers on tumour cells is less clear. The need
for biosynthetic intermediates in rapidly proliferating tumour tissue is suspected to be a
key determinant of this glycolytic drive (Kroemer and Pouyssegur, 2008; Lunt and Vander
Heiden, 2011) but targeting these pathways in cancer cells without causing significant
collateral damage to normal cells is fraught with difficulty and is often cited as a reason
for the comparatively slow progress in developing metabolic therapeutics (Pierotti et al.,
2012). HNSCC has been shown to be particularly reliant on high rates of glucose uptake
and subsequent aerobic glycolysis (Sandulache and Myers, 2012) and clinically FDG
uptake, primarily via GLUT-1 receptors, reflects the dynamic glucose metabolism of these
tumours (Nakamura et al., 2012). Indeed GLUT-1 expression has been shown to correlate
with aggressive HNSCC disease (Kunkel et al., 2003; Li et al., 2008; Reisser et al., 1999).

Given that we have already demonstrated the role of CTEN in supporting tumour

growth in HNSCC, we hypothesised a relationship might exist between tumour cell
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metabolism and CTEN. CtBPs, in their role as metabolic sensors, are able to act as a
unique regulatory switch, activated by NADH binding into a conformational change and
dimerisation (Chinnadurai, 2009, 2003; Fjeld et al., 2003; Kumar et al., 2002). Their ability
to respond to NADH levels positions them perfectly as a mechanistic link between a
tumour’s metabolic output and cancer progression. We demonstrated that CTEN is a
previously unreported target for transcriptional repression by the metabolic sensor
CtBP2. CTEN was found to be consistently upregulated across cell lines following CTBP2
depletion both at the protein and mRNA expression levels, and ChIP analysis confirmed
that CtBP was recruited to the CTEN promoter. However although various glycolytic
stimuli resulted in the expected repression of CTEN in vitro, this relationship failed to be
reproduced with historic patient tumour samples. On analysis of our OPSCC dataset,
despite not formally examining CtBP2 expression, no significant correlation (inverse or
otherwise) between CTEN and Glutl (p=0.16; r=0.097) was observed. In the presence of
hypoxia or other glycolytic stimulating conditions, CtBPs have already been shown to co-
ordinate a wide-reaching transcriptional response including repression of genes involved
in 1) cell dynamics and apoptosis, through depletion of proapoptotic genes including Bax
and Noxa, as well as stabilisation of the survival kinase AKT by repression of its negative
regulator PTEN (Y.-W. Chen et al., 2008; Paliwal et al., 2007; Zhang et al., 2006), 2) tumour
cell adherence, through repression of E-cadherin resulting in promotion of cell motility
and an EMT phenotypic switch (Paliwal et al., 2012, 2007) and 3) cell cycle inhibitors
including the Ink4 family of tumour suppressors. Clearly then the glycolytic regulation of
CTEN in vivo is more complicated than a direct linear relationship and the functional
importance of this relationship in vitro must be interpreted with caution.

Further understanding how glycolytic tumours and the Warburg effect favour
tumour progression is vitally important for our understanding of the factors regulating
aggressive tumour phenotypes. Furthermore, as CtBP-targeting therapeutics are
developed, it is vital to anticipate potential knock-on complications following the
abrogation of its transcriptional repressive activity. Given our previous evidence of the
tumour promoting functions of CTEN, the simultaneous inhibition of both CtBPs and CTEN
may have significantly improved tumour-killing effects and theoretically avoid any

unwanted tumour promoting effects from the resulting increased expression of CTEN.
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Chapter 6: Investigation of a novel MCT-1 inhibitor for

the treatment of HNSCC: an in vitro study
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6.1 Introduction

The Warburg effect in tumour cells is their recognised preference for aerobic glycolysis
and we have already demonstrated active glycolysis in both HPV-positive and HPV-
negative HNSCC in vitro and in vivo. The end-point of glycolysis is lactate but anabolic
biosynthetic processes for rapidly proliferating cells are also supported whereas OXPHOS
results in the full metabolism of glucose into carbon dioxide (Ward and Thompson, 2012).
Glutamine catabolism, another hallmark of cancer cells, also results in lactate production
through sustaining the TCA cycle (DeBerardinis et al., 2007; DeBerardinis and Cheng,
2010; Son et al., 2013). Many of the oncogenic changes in tumourigenesis such as
aberrant PI3K/AKT signalling, MYC and HIF-1a overexpression drive this metabolic
reprogramming including increasing GLUT1 expression, LDHA activity as well as activating
glycolytic enzymes including hexokinase 2 and 6-phosphofructokinase 1 (Deprez et al.,
1997; Gottlob et al., 2001; Kohn et al., 1996)

In glycolytically active cells, including normal muscle and brain cells, as well as
cancer cells, lactate homeostasis is a vital component. This process requires specialised
transporters known as the monocarboxylic acid transporters, MCT1-4 (Halestrap and
Wilson, 2012). MCT1 is expressed in almost all tissues and both MCT1 and MCT4 are both
membrane-bound and are classically considered as lactate importers and exporters
respectively (Doherty and Cleveland, 2013) although it is likely that the direction of
lactate flow depends on specific extracellular factors such as pH, the transmembrane
lactate potential, as well as other MCT substrates (Broer et al., 1998; Dimmer et al.,
2000). Whilst acidification of the microenvironment itself is characteristic for tumours
and has been proposed as a direct-tumour response to support invasion (Gatenby and
Gillies, 2004), lactate is utilised as an oxidative metabolite in many normal cells (e.g.
cardiac) or as a substrate for gluconeogenesis (e.g., liver) (Halestrap and Wilson, 2012).
However, an excess of lactate build-up and excessive pH changes of the tumour milieu or
intracellularly could result in toxicity and therefore the lactate balance maintained by the
MCT transporters has been suggested as a potential therapeutic option to target cancer
cells. In the previous chapter we noticed an increased expression of MCT1 on RNA
sequencing analysis in HPV-negative tumours (Fig. 5-6), despite an increase in HIF1A in
the same cohort. Whilst the physiological reason for this expression pattern is not clear,

given the recent suggestions that this may represent a reasonable target for a
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vulnerability within a cancer cell’s metabolic phenotype, we investigated this marker

further with both functional and inhibitor investigations.

6.2 Expression of MCT1 on HNSCC TMA

In order to investigate protein level expression of MCT1 and corroborate RNA sequencing
findings, we optimised MCT1 antibody for immunohistochemistry and proceeded to stain
our OPSCC TMA database (see Table 3-1 for patient demographics; Fig. 6-1A). MCT1
scoring was performed by two blinded raters (KM/JF) as high (moderate/high strength
staining) or low (absent/low strength staining) and results collated. This data was then
analysed on SPSS (version 22 for Mac, IBM, NY) for association with HPV status and our
previous IHC metabolic marker analysis of GLUT1 (Fig 6-1B&D). Kaplan-Meier survival
curves were also produced using clinicopathological patient data (Fig 6-1C).

We have previously obtained RNA sequencing data indicating a significantly greater
MCT1 expression at the RNA level in HPV-negative HNSCC. This TMA expression data
corroborated these findings with a statistically significant greater MCT1 protein
expression in the HPV-negative tumours. There was no obvious survival effect of MCT1
score on OPSCC, irrelevant of viral status. However we showed a significant positive
correlation between MCT1 and GLUT1 expression, and although the correlation
coefficient was weak (rs = 0.219), the association of MCT1 expression level with both HPV-
negative tumours and GLUT1 expression suggests that MCT1 expression is being found in
the more glycolytic tumours. Given that we have shown HPV-negative cell lines in vitro
have a higher glycolytic rate, this is a surprising result as MCT1 is classically thought of as
a lactate importer, and therefore supporting lactate homeostasis by being expressed on

cells favouring energy production through OXPHOS.
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Figure 6-1. Clinicopathological data for MCT1 scoring in HNSCC TMA. A, Example strong MCT1

following antibody optimisation of a whole tumour section. B, Clustered bar charts
of MCT1 scoring by HPV-status indicating larger numbers of high MCT1 expression
in the HPV-negative group compared to the HPV-positive group. C, Kaplan-Meier
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curves for HPV-negative (left) and HPV-positive OPSCC (right) based on MCT1
expression, scored on immunohistochemistry as low (absent/weak) or high
(moderate/high). Numbers of patients at risk by time point are displayed below
each graph. No significant correlation was evident between MCT1 expression and
disease specific survival in either HPV-negative or HPV-positive disease. D, Test for
correlation between MCT1 and HPV status as well as GLUT1 expression. Both chi-
squared (x?) and Spearman’s rank (r;) statistics are displayed from analysis of
immunohistochemistry data. This demonstrated a significant association between
MCT1 and GLUT1 expression as well as confirming the association of high MCT1
expression with HPV-negative HNSCC.

6.3 Sensitivity of HNSCC cell lines to AZD3965, a novel MCT1 inhibitor.

We have demonstrated an increased expression of MCT1 at both the protein and RNA
level in HPV-negative tumours. Furthermore, published expert reviews have suggested
that this target could represent a therapeutic vulnerability for tumours, likely due to
disruption of lactate homeostasis (Doherty and Cleveland, 2013). AZD3965 (AstraZeneca,
Waltham, MA) is an orally available selective inhibitor of MCT1 with minimal effect on
MCT4 which has had success reducing tumour growth and increasing intra-tumour lactate
in preclinical trials in lung cancer (Polanski et al., 2014) resulting in its introduction into
early phase clinical trials.

Highest expression of MCT1 was in the SCC25 HPV-negative cell line and we
therefore selected this line in order to determine the appropriate dose of AZD3965 to use
in future functional experiments, using a proliferation assay on XCELLigence Real Time
analyser as previously described. Serial dilutions from 0.01nM to 1000nM were selected
and the culture medium on cell cultures were changed to appropriately diluted AZD3965
for 24 hours prior to the start of the 48-hour proliferation assay (Fig. 6-2A). No effect on
SCC25 cell proliferation was observed at compound concentrations of 100nM and below.
We also performed a simple count-based proliferation assay with similar results showing
no significant effect on cell proliferation at tested concentrations upto and including
100nM (Fig. 6-2C). Therefore to select a range of concentrations to be consistent with
previously published use of 8nM for in vitro work (Polanski et al., 2014), we initially
selected two AZD3965 concentrations of 10nM and 100nM and retested these
concentrations but including an HPV-positive cell line (SCC2). Once again no significant

effect on cell proliferation was observed at these two compound concentrations (Fig. 6-
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2B). Further experiments therefore used 10nM AZD3965 as a working concentration for
functional assays.

The clonogenic or colony-forming assay is another commonly used to technique to
study interventional treatment effects on the proliferation of cancer cell lines. Due to the
lack of standardised techniques to analyse clonogenic assays, we utilised a published,
validated Image J plugin for automated quantification (Guzman et al., 2014). This plugin
calculates the surface area of colonies as well as an intensity-weighted percentage, which
takes the number of cells in each colony into account, and therefore is more
representative of cell growth density. In this clonogenic survival analysis we exposed
SCC25 and another glycolytic HPV-negative cancer cell line, H357, to both 10nM and
100nM concentrations of AZD3965 for 48 hours prior to plating at 2000 cells/well in 6-
well plates (Corning). Colonies were then allowed to grow with fresh medium
replacement every 72 hours for a total of 10-14 days and then stained with crystal violet
before analysis using ColonyArea plugin (Guzman et al., 2014) (Fig 6-2D). Inhibition of
MCT1 activity resulted in an approximately 50% reduction in colony survival and intensity
in SCC25 cells (P<0.001). However, no significant effect was seen on H357 cell line
indicating a relative resistance to the compound but this was a cell line dependent effect.
The difference in effect on cell survival between the XCELLigence assay and the
clonogenic assay also indicates that this was an assay specific effect. However, the
clonogenic assay is a commonly used technique to assess cell line response to treatment
interventions so this data gives us a valid baseline to assess further interventions on these

cell lines.
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Figure 6-2. Survival effect of AZD3965 on HNSCC cell lines. A, proliferation assay of SCC25 cells
was performed on the XCELLigence Real Time Cell Analyser in varying AZD3965
concentration media for 48 hours. No significant effect on cell adhesion and then
proliferation was observed in concentrations below 1000nM. B, The experiment
was repeated for selected media concentrations of 10nM and 100nM AZD3965,
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with inclusion of an HPV-positive cell line, SCC2. Again no significant difference
between cell index of different concentrations was observed in either cell line. A
DMSO control was included in all experiments as a negative control. Assay results
show the mean between two replicate wells with error bars representing standard
error. C, A proliferation analysis was repeated using a count based analysis. A 72
hour culture of SCC25 and H357 cells plated at 5x10* in media containing different
AZD3965 concentrations was performed and following trypsinisation, final counts
were performed on Casy counter (Innovatis AG, UK/Roche Diagnostics GMBH). No
significant differences between cell counts at different concentrations were
observed until 1000nM was used, with a significant reduction in proliferation at
this dose (survival % represented on log scale). Clonogenic assay are represented
for SCC25 (D) and H357 (E) and all results were converted to % control well. Almost
50% reduction was observed in both colony area and intensity in SCC25 (P<0.001).
No significant effect was observed on H357 colony survival. Representative well
photographs are displayed. Pooled data from three biological repeats has been
presented.

6.4 Metabolic effects of MCT1 inhibition

Tumour metabolism and glycolysis are now being recognised as important mediators of
cancer cell phenotype, whether through transcriptional regulation e.g. p53 (Jiang et al.,
2011), CtBPs (Postigo and Dean, 1999), or via a direct effect on the tumour
microenvironment (Gottfried et al., 2012). Indeed acidification of the tumour
microenvironment has been found to correlate with tumour progression in a number of
different tumour types (Walenta and Mueller-Klieser, 2004). A lactate shuttle hypothesis
has been proposed for how tumour cells control for fluxes in lactate concentration
extracellularly, which depends on the distribution of a variable hypoxic and glycolytic cells
within the tumour itself (Sonveaux et al., 2008). However despite the initiation of
AZD3965 in early phase clinical trials, there is only limited knowledge about the
biochemical and metabolic effects of MCT1 inhibition and there have been no studies on
its effect in HNSCC.

The Seahorse XF96 Extracellular Flux Analyser (Seahorse Bioscience, North
Billericay, MA) was again used to analyse real time metabolic outputs of oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR). HPV-negative cell lines
SCC25 and H357 were selected due to previously documented increased expression of
MCT1 in this HNSCC type. Following 72 hours treatment with AZD3965 (10nM) or DMSO
as control, biochemical flux analysis was performed, utilising similar injection compounds

as previously to study mitochondrial stress (namely 5mmol/I glucose, oligomycin A and
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FCCP or 2-DG), except for the addition of a fourth injection - rotenone and antimycin A
which act as electron transport inhibitors and therefore completely block respiration (Fig.
6-3). Following completion, all results were normalised to total protein count following
Bradford assay analysis to account for any variable cell line proliferation rates.

These results give us important information on the effect of MCT1 inhibition on
HPV-negative cell lines. When considering just effect on glycolysis, there appears to be a
cell-line dependent effect and MCT1 inhibition in SCC25 results in a dose dependent
reduction of glycolytic rate as well as glycolytic capacity. This is mirrored by an increase in
mitochondrial respiration in the cell line (Fig. 6-3 A&B). However this pattern is not
observed in the H357 cell line, summarised in Fig. 6-3C (full real time flux analysis graph
not shown). Interestingly however, despite the variable effects on glycolysis and
respiration between cell lines, when analysing paired ECAR-OCR rates in order to plot an
energy phenotype profile, this clearly demonstrates the pattern of MCT1 inhibition
driving cells into a quiescent phenotype (Fig 6-3D), which supports further investigation of

the therapeutic potential of AZD3965.
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Figure 6-3. Bioenergetic profile of HPV-negative cell lines in response to AZD3965 treatment.
The extracellular acidification rate (ECAR; A) and oxygen consumption rate (OCR; B)
were measured using an extracellular flux analyser (Seahorse Bioscience) to
estimate glycolysis and mitochondrial respiration respectively. Two HPV-negative
cell lines (SCC25, H357) were selected and treated with AZD3965 for 72 hours prior
to metabolic analysis with 8 replicate wells per condition. Representative data is
shown from two biological repeats for SCC25 cell line. Port injections as indicated in
(A)&(B) included glucose (5mmol/l), the ATP synthase inhibitor oligomycin A, the
mitochondrial uncoupler FCCP or glycolysis inhibitor 2-DG and finally
Rotenone/Antimycin A to inhibit the electron transport chain. The shaded area in
(A) demonstrates the differential glycolytic response to glucose injection
highlighting the differential, dose-sensitive response to MCT1 inhibition. The
glycolytic rates have been calculated for each cell line (maximal glycolysis after
glucose addition — basal glycolysis) and displayed in (C), showing a cell-line specific
effect with significant dose-effect of MCT1 inhibition on impairing glycolysis in
SCC25 cells (P<0.001). D, A cell energy phenotype profile based on ECAR vs OCR
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score for each cell line. This representation allows us to report baseline and
maximal mitochondrial respiration and glycolytic activity in the two tested cell lines
and plot their profiles. MCT1 inhibition in both cell lines demonstrates a dose-
responsive effect of converting HNSCC cell lines into a more quiescent energy
phenotype, where neither metabolism pathway is particularly active.

6.5 Effect of AZD3965 on HNSCC invasion

The ability of tumour cells to invade surrounding tissue and ultimately metastasise is a
key, persistent hallmark of cancer (Hanahan and Weinberg, 2011, 2000) and therefore the
study of in vitro cell motility is an important assay for analysing the effects of potential
compounds on cancer cell behaviour. This is particularly important in the case of
metabolic inhibitors as there is significant evidence in the literature and indeed previously
in this thesis that metabolism is fundamentally linked to tumour cell motility.

Furthermore, additions of lactate to cell cultures has been demonstrated to
increase cell motility (Walenta et al., 2002) and from the previous section (Fig. 6-3) we
have direct evidence that AZD3965 results in a reduction of extracellular acidification and
therefore has the potential to modify a cancer cell’s interactions with the
microenvironment. To study the effect of MCT1 inhibition in physiologically relevant cell
invasion, we performed haptotactic Matrigel invasion assays in a range of HPV-negative
(SCC25, Detroit 562) and HPV-positive cell lines (SCC2, SCCI0). FCS-containing media in
the lower well was used as a chemoattractant. In keeping with previous expression data
of a high MCT1 expression in HPV-negative cell lines, results demonstrated cell invasion
was significantly reduced by MCT1 inhibition in HPV-negative cell lines only (P<0.0001 and
P<0.05 in SCC25 and Detroit 562 respectively).

There is increasing evidence in the literature that extracellular acidity, primarily
controlled through lactate, contributes directly to the invasive capability of cancer cells
and potentiates their metastatic risk (Silva et al., 2009; Walenta and Mueller-Klieser,
2004). However we have already concluded, at least in SCC25 cells, that AZD3965
treatment results in a reduction in glycolysis and the extracellular acidification rate.
Rather than a tumour microenvironment effect per se, this therefore suggests that MCT1
inhibition is having a direct effect on the invasive potential of HPV-negative HNSCC cells.

We performed organotypic assays in SCC25 cells to examine this effect further and test
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whether a similar effect was evident in true tissue substitute 3D models (Fig. 6.4 B-E). The
invasion results were replicated here with a reduced overall invasion into the
Matrigel/collagen tissue substitute following treatment with AZD3965 (P<0.01). There
was no significant difference in average tumour island size noted between either group

indicating that cell cohesiveness doesn’t appear to be affected.

169



Chapter 6

I Ctl (DMSO)
. [ AzD39%65
20009
15004
t
3 *has
O 10004
8
5004
" scczs DETROIT scc2 SCC90
Cell Line
8]
Control (DMSO) AZD3965 10nM Control (DMSO) AZD3965 10nM

25009
c
S
7] |
©
>
£
—
o
e
4000+ 1 Ctl (DMSO) E
= [ AZD3965 0
5 30001 D E Ctrl (DMSO) AZD3965
(1)
>
c 304
= 2000 g i B .
e T T
®© 1000 |
< 20

-
N
w
=

Experimental Repeat

Average Island size

Ctrl (DMSO) AZD3965

Figure 6-4. Effect of MCT1 inhibition by AZD3965 on tumour cell invasion. A, Invasion assays
were performed including HPV-negative (SCC25 and Detroit 562) and HPV-positive
(SCC2 and SCCI0) cell lines. Cells were treated for 48 hours with 10nM AZD3965 or
DMSO as a control and then placed into upper wells in serum-free DMEM media,
separated from the inner well filter base by a layer of Matrigel, providing a physical
barrier requiring cell invasion for passage to the lower well. 10% FCS-containing
media was placed in the lower wells as a chemoattractant and cells were counted
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after 72 hours. MCT1 inhibition resulted in reduced cell invasion in HPV-negative
cell lines only and representative result is shown (n=3). B-D, Organotypic cultures of
SCC25 cells were performed following AZD3965 or DMSO alone treatment and gels
were harvested after one week. After fixing, mounting and staining for H&E (B) or
pan-cytokeratin (C), slides were examined on a photomicroscope and images
captured using dotSlide system (Olympus). Representative images are shown at
total 40x magnification. Paired cell invasion area (D) and grouped area (upper
panel, E) and average tumour island size (lower panel, E) was analysed using ImageJ
software, indicating a significant reduction (**P<0.01; Paired T-test) in area of
invasion.

6.6 Effect of AZD3965 on radiation sensitivity

Another advantage of analysing the real-time metabolic flux in cancer cell lines in the
ability to predict the effect of combining therapeutic interventions. Indeed therapeutic
synergy is receiving significant attention in the literature, especially in the subject area of
combining traditional cancer treatment modalities with novel agents e.g.
immunotherapy. For example radiosensitivity has been demonstrated to inversely
correlate with both glycolytic flux (Lin et al., 2003) and lactate levels (Quennet et al.,
2006).

We previously observed a dose-dependent reduction of glycolysis, measured via
extracellular acidification rate, following MCT1 inhibition (Fig. 6.3A). We therefore
hypothesised that AZD3965 treatment would make SCC25 cells more radiosensitive and
took this forward into pilot studies. Two techniques were utilised — both clonogenic
survival assays as previously described as well as organotypic cultures. In both techniques,
following 48 hours of AZD3965 exposure, cells were exposed to a single 2-Gy dose of y-
rays. For clonogenic assays cells were then plated at 2000/well as previously described
where as for organotypic cultures, radiation exposure was performed following cancer
cell adhesion to the gel cultures and raising to metal grids so as to eliminate cell adhesion
as a confounder. Validation of the effect of radiation exposure was obtained following
observation of a small but significant reduction in both control and compound-treated
cell invasion following 2 Gy exposure. Furthermore, there was a significant reduction of
area of invasion in AZD3965 treated cells over control cells following 2 Gy radiation
exposure (P<0.05; Fig. 6-5B). No significant change in tumour island size was observed
between the two groups (Fig. 6-5C). This evidence supports a radiosensitisation effect of

MCT1 inhibition. This hypothesis is further supported by clonogenic assays from two cell
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lines where a reduction of colony area is observed at 2Gy in the treated cells (Fig. 6-5
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Figure 6-5. Radiosensitisation of SCC25 cells through MCT1 inhibition. A, Organotypic cultures of
SCC25 cells were performed following AZD3965 or DMSO alone treatment. After
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raising gels to metal grids for the assay culture, test gels were exposed to one 2-Gy
dose of y-rays before return to incubator culture. Gels were harvested after one
week, fixed, mounted and stained for pan-cytokeratin as per standard protocol.
Slides were examined on a photomicroscope and images captured using dotSlide
system (Olympus). Representative images are shown at total 40x magnification.
Cell invasion area (B) and average tumour island size (C) was analysed using Image J
software, indicating a significant reduction in average area of invasion when
comparing Ctrl vs AZD3965 after 2 Gy exposure (*P<0.05; Student’s T-test). Area of
invasion was also significantly reduced in both test conditions following 2 Gy
exposure compared to their 0 Gy counterpart. D, E, Clonogenic assays are
represented for SCC25 and H357 with representative well photographs shown. Well
area analysis was performed utilising ColonyArea plugin on Image J (Guzman et al.,
2014) and results were converted to % control well for accurate comparison
(represented on log scale). Representative well photographs are displayed from
this pilot work, representing 2 biological repeats in SCC25, and a single experiment
in H357.

6.7 Discussion

The monocarboxylate transporters (MCT) are responsible for the shuttling of lactate
between intra- and extra-cellular compartments in tumours and MCT1 and MCT4 are the
family members implicated in tumour metabolism (Sonveaux et al., 2008). Although
previously considered a lactate importer, the widely expressed MCT1 has in fact
demonstrated bi-directionality (Halestrap and Meredith, 2004) which may help to explain
some of the variable results on cell metabolism from MCT1 inhibition in the literature. For
example, in various cancer cell lines Bola et al. (2014) demonstrated that AZD3965
resulted in an increase in glycolysis and glycolytic enzymes, whereas Doherty et al (2014)
found that MCT1 inhibition rapidly abrogated glycolytic function. It is this delicate lactate
homeostasis that is likely of critical importance to a tumour’s growth and behaviour and
the concentration gradient of this molecule is likely the key determining factor in overall
net movement (Halestrap and Price, 1999). Limit lactate export and the reduction in
intracellular pH could have a dramatic effect inhibiting cell proliferation promoting
growth arrest (Le Floch et al., 2011). Reduce lactate import and you cut off the energy
supply to those cells who are using it as a substrate for OXPHQOS, but also acidify the
tumour microenvironment which may promote tumour invasion and metastasis (Rofstad
et al., 2006). Indeed Sonveaux et al (2008) provided their summary evidence of a lactate

shuttle system where a more hypoxic, and therefore glycolytic cell can be
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Figure 6-6. Proposed lactate shuttle between tumour cells in a two-compartment model.
Hypoxic cells can export glycolysis-derived lactate by membrane-bound MCTA4. This
lactate represents a potential source of energy and can be imported via MCT1
expressed on well-oxygenated cells and used to produce ATP. Adapted from
Porporato et al. (2011).

exported by MCT4, which can then be imported via MCT1 by oxidative cells that can use
lactate as an energy source (Fig 6-6).

The last decade has also seen a rapid rise in our understanding of the influence a
tumour stroma has on a primary tumour’s characteristics and there have been numerous
attempts to expand this understanding into metabolism. Thus the tumour stroma is likely
to also impact on this lactate homeostasis and provide a symbiotic relationship between
key stromal components e.g. fibroblasts and the cancer cells themselves (Bola et al.,
2014). Considering all the different cells therefore that inhibition of a metabolic
transporter is likely to impact upon, it is therefore vital that comprehensive pre-clinical
studies on new compounds are performed to fully understand the metabolic
consequences of manipulation in cancer cell types of interest, and identify effects of both

potential good and harm from therapeutic targeting.
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Following presentation of clinical MCT1 relevance, we have presented a range of in vitro
work demonstrating the sensitivity, metabolic effects and potential therapeutic potential
of MCT1 inhibition in HNSCC.

Unlike clinical survival and prognostic data previously published for tumours of the
breast (Pinheiro et al., 2010), ovary (Chen et al., 2010), stomach (Pinheiro et al., 2009)
and colon (Pinheiro et al., 2008), we found no evidence of association between MCT1
expression and disease-specific survival in HNSCC patients. However this analysis did
support our protein and RNA expression data of a large skew of high expression in HPV-
negative tumours and therefore provided a strong rationale to test further functional
analysis in this tumour subgroup. In addition, this distribution together with the finding of
a weak association of MCT1 with GLUT1 expression would fit with a hypothesis of this
receptor being distributed more prominently within glycolytic tumours. At first glance this
does appear contrary to published models (Sonveaux et al., 2008). There are potentially
two explanations for this pattern: a feedback response to MCT4 expression or a
prominent lactate efflux role. As MCT1 is hypothesised to be involved in a lactate
homeostatic mechanism, it is possible that MCT1 is upregulated in a feedback response
driven initially by a glycolytically-driven MCT4 upregulation. Therefore MCT1 upregulation
avoids the imbalance of an unrestricted MCT4 efflux of lactate, potentially resulting in
cytotoxicity from an extreme pH. We do not currently have data on MCT4 expression in
HNSCC but co-localisation analysis in tumour specimens would be required to examine
this further. However, it may be a cancer-type specific observation, where MCT1
bidirectionality plays a more prominent role. In this hypothesis, the large lactate gradient
across the cell membrane from active glycolysis may upregulate and revert MCT1 activity
to a lactate efflux role. Furthermore, our real time flux analysis data is consistent with this
hypothesis, where MCT inhibition is resulting in a dose-dependent reduction of the
extracellular acidification rate and we can therefore surmise that lactate efflux is
reducing. Indeed this hypothesis ties together the functional results observed in SCC25
cells from MCT1 inhibition. A reduction in intracellular pH would also help explain the cell
survival effects on SCC25 observed in clonogenic assays, as well as potentially explain the
reduced invasion observed in the more physiologically relevant assays performed.

In addition to these interesting findings on the resulting pH changes from MCT1
inhibition, the cell energy phenotype profile presented from extracellular flux analysis

provides a strong rationale for continuing to investigate MCT1 inhibition as a therapeutic
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option (Fig. 6-3D). In the two cell lines presented, this energy profile indicates that for
cells demonstrating differing metabolic rates for energy production, MCT1 inhibition
response results in driving down of the predominant energy-producing pathway in that
cell line. This functional view of the response to MCT1 inhibition demonstrates a shift of
the metabolism profile across cell lines to a quiescent cell phenotype. This implies that
blocking of MCT1 lactate transport preferentially occurs in the dominant directional
lactate movement in any particular cell line e.g. lactate efflux in glycolytic cells, influx in
OXPHOS-dominant cells. This effect would be highly desirable for both direct effects on
tumour growth, as well as synergistic combinations with other potential treatments and
suggests that MCT1 targeting for treatment would not rely on more specific investigations
of inherent glycolytic parameters in any given tumour.

We proceeded to demonstrate the ability of AZD3965 to sensitise cells to
radiotherapy in vitro and show that combined treatment produced a significant effect on
cancer cell survival and invasion compared to radiation alone. This is an effect that has
previously been observed on in vivo studies in combination treatment (Bola et al., 2014).
Clinically HPV-negative tumours tend to be less radiosensitive than their HPV-positive
counterparts, and a number of trials in radiosensitisation strategies are now underway.
Previous studies have demonstrated that specific inhibition of glycolysis can result in
increased radiosensitivity (Lin et al., 2003) and following our direct illustration of the
glycolysis reduction resulting from MCT1 inhibition, we performed early studies looking at
this potential role for AZD3965 in therapeutic combination treatment. Experimental
repeats were limited and therefore we must draw caution in definitive conclusions from
these experiments. However, two different assay techniques appeared to reduce the
survival and invasion of HPV-negative cell lines in vitro, which would be in keeping with
our metabolic hypothesis.

In conclusion, AZD3965 is a novel MCT1 inhibitor, which has shown promise in early
phase clinical trials and is orally bioavailable. We have presented the first work in HNSCC
of the potential of MCT1 inhibition and provided a rationale based on biochemical
findings of its potential mechanism, as well as identifying HPV-negative tumours as the
preferential targeting group for potential inclusion in any future clinical trial. Whilst
monotherapy treatment on HNSCC cells with our in vitro studies show some modest
beneficial treatment effects, the demonstrated alteration of the biochemical profile of

cells following MCT1 inhibition provides a strong rationale for combined synergistic

176



Chapter 6

therapy in future clinical trials. AZD3965 has demonstrated a favourable safety profile to
this point and we therefore strongly support further clinical investigations into the use of

this compound in novel therapeutic strategies.
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Chapter 7: Conclusions
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7.1 Key points

We have investigated the role of the focal adhesion adaptor protein CTEN, and

investigated its role in HNSCC. Through discovery of a novel link to a tumour cells

glycolytic profile, we have gone on to provide a comprehensive analysis of HNSCC

metabolism in both HPV-negative and HPV-positive disease. Finally we have tested a

novel compound targeting an important cell membrane transporter in HNSCC that may

affect the lactate shuttle, important for HNSCC tumours in vivo.

Key findings can be summarised as follows:

* CTEN is widely expressed in HNSCC cell lines and in oropharyngeal tumours, showing
the most significant correlation with reduced survival in HPV-positive disease and,
more broadly, those treated with non-surgical modalities
(chemotherapy/radiotherapy).

* Absence of CTEN expression results in reduction of tumour behaviour in HNSCC cell
lines including reduced motility, invasion, suspension culture proliferation and
organotypic invasion. CTEN confers a survival effect on HNSCC cells, enabling
apoptosis resistance in response to a variety of stimuli.

* CTEN appears to be involved in a signalling role in HNSCC cells, notably in the TGF-B
pathway that may have a functional importance not only to the tumour
microenvironment, but also to the apoptotic pathways. This latter biological link has
clinical relevance whereby CTEN may be a marker of radiosensitivity, allowed de-
escalation in the treatment of HPV-positive disease, or a therapeutic target to reduce
radio-resistance.

* CTEN is a previously unreported target for transcriptional repression by the metabolic
sensor CtBP2

* HPV-negative and HPV-positive disease have distinct metabolic profiles involving a
number of biochemical pathways, with further investigation of glucose metabolism
demonstrating HPV-negative cells overall to be more metabolically active but more
reliant on glycolysis for their maintenance bioenergetic requirements.

* Targeting of MCT1 in HPV-negative tumours in vitro has demonstrated an important
functional role for this transporter in HNSCC cell metabolism that may be

therapeutically attractive as a target in either mono- or combined-systemic therapy.
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7.2 Summary discussion and future work

Tensins are proteins that on a cellular level seems to be ideally positioned to facilitate the
progression of an oncogenic phenotype: as focal adhesion adaptor proteins they play
integral roles in modifying a cell’s migratory phenotype, the multi-domain structure
permits binding capabilities to multiple ligands including signalling molecules and
integrins and the presence of an actin binding region permits the linkage between the
cytoskeleton and ECM (Auger et al., 1996; Lo et al., 1994). The focal adhesion complex
together with associated integrins, or ‘adhesome’, has received a significant amount of
interest in the literature in the past decade with the realisation that the number of
involved adaptor proteins and binding partners have been significantly underestimated
and the most recent survey found 42 potential B-integrin-tail-binding adaptor proteins
(Legate and Fassler, 2009). These generally fall into structural proteins, scaffolding sites
for additional binding proteins, and signalling proteins. The importance of Tensins to the
complex as a whole resides in the fact that they can partake in all these roles and their
close proximity and binding capability to the B-tail of integrins provides a further level of
control on both cell behaviour and interactions with the extracellular environment.
Indeed the identification of competitive Tensin or Talin binding to B- integrins at the NPxY
site as a form of regulatory switch provides further evidence of the key role of these
proteins in determining a cell’s phenotype (Legate and Fassler, 2009).

CTEN in particular is receiving considerable recent interest in the cancer literature,
and has shown potential as a tumour marker. Although descriptions of biological
mechanisms are scarce, CTEN appears to promote tumourigenesis and is associated with
aggressive disease in a significant number of different tumour types and the
demonstrated biological functions indicate that it is likely actively involved in regulation
of tumour development (Lo, 2014). In the present study we have significantly expanded
the knowledge base of CTEN biology in functional studies and provided evidence for an
expanded role for CTEN in a complex signalling role involving TGF-B activation, changes in
surface integrin expression and the apoptosis pathway, the latter potentially key to its
tumour-promoting role.

We have presented evidence that CTEN may have a perinuclear location associated
with Golgi at least at early stages of cell adhesion and whilst this protein may well be

recruited to fibrillar adhesions later in the cell adhesion cycle, the presence of a Src
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homology 2 (SH2) domain and a phosphotyrosine binding domain (PTB) in its structure
means it has an ideal structure to recruit other adaptor proteins and facilitate
intracellular signalling pathways, as well as communicating with the extracellular
environment through focal adhesions and B-integrin tails through NPxY motif ligands
(Chen and Lo, 2003).

The 2011 hallmarks of cancer cite ‘invasion & metastasis’ as one of the core
properties of a tumour (Hanahan and Weinberg, 2011) and with current literature this is
where CTEN would have been positioned. Indeed we have provided supporting evidence
of its ability to promote motile and invasive cell behaviour by studying HNSCC cells in its
forced absence. However we propose that CTEN has an important functional role in other
hallmark processes including ‘resisting cell death’ (Chapter 3 & 4) as well as involvement
as a target in ‘deregulating cellular energetics’ (Chapter 5). It is perhaps our finding of a
role for CTEN in apoptosis that has the most interesting research and therapeutic clinical
potential in HNSCC. We have already demonstrated the clinical relevance of CTEN
expression in a large head and neck tumour database, and demonstrated the highly
significant correlation between CTEN expression and reduced disease-specific survival,
most notably in radiotherapy-treated patients. It will be important to corroborate these
findings in a second validation tumour database. Our advanced pilot work has suggested
that CTEN is involved in promoting cell survival through a TGFB-dependent pathway.
Interestingly, whilst TGF-B has been recognised to induce apoptosis in a variety of cell
types, the biological mechanism remains poorly defined, although likely involves a
number of death receptors and kinases e.g. FAS (Meulmeester and Ten Dijke, 2011). It is
however the presence of a pro-apoptotic profile that has the most interesting clinical
relevance, and the level of CTEN expression may represent a promising upstream marker
of the activity of this pathway. Whilst the effective mechanism of radiation therapy
involves induction of a number of different forms of cell death including autophagy and
senescence (Verheij, 2008), apoptosis is a major mechanism through which this
treatment modality achieves its therapeutic effect (Dewey et al., 1995). As such there are
a number of clinical research strategies currently in progress testing agents that silence
genes coding for anti-apoptotic proteins (Wong, 2011). Due to the restricted expression
of CTEN in normal human tissue, a similar silencing targeting strategy has potential and,
unlike some of the current genes under investigation, would potentially also combine an

anti-invasive effect in addition to the apoptosis-promoting mechanism. Treatment de-
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escalation specifically in HPV-positive HNSCC is of significant research interest at the
current time due to the recognised serious adverse short and long-term effects of chemo-
and radiotherapy. Conversely whilst HPV-positive HNSCC shows a significantly better
outlook than its HPV-negative counterpart, much effort is now being focussed on an
‘intermediate’ risk group of patients, often smokers, in whom present with a significantly
more aggressive disease pattern. Any potential biomarker that may help identify this
group is of paramount importance (Ang et al., 2010) and, subsequent to any positive
validation study, a cohort study on patients undergoing chemo-radiotherapy treatment
with prospective investigation of tumoural CTEN expression should be expedited.
Similarly any agent enabling a dose-reduction in radiotherapy treatment would be a
highly desirable treatment option and we propose CTEN worthy of further targeting
research for this reason.

The discovery of a biological link between CTEN and a key metabolic sensor has
given us a unique insight into tumour cell metabolism and how this can affect tumour cell
behaviour. Whilst the final metabolically induced phenotype of a tumour cell behaviour
likely depends on a complex transcriptional response to available oxygen, nutrients and
biochemical intermediates, elucidating individual transcriptional targets in this response
helps us understand the factors involved in influencing the final phenotype. It has also
enabled us to investigate more clearly the metabolic differences between HPV-negative
and HPV-positive disease. This is a diagnostic distinction that is of fundamental clinical
importance yet the generic pan-disease use of glycolytic imaging in the form of FDG-PET
in widespread clinical practice demonstrates one example of how we have not yet
exploited metabolic differences between virally and non-virally derived HNSCC for
diagnostic or therapeutic advantages. Whilst we have reviewed and concluded that
SUV(max) scores alone from FDG-PET imaging are insufficient to determine HPV-status,
HNSCC as a disease is an ideal candidate for advancing tumour metabolism-based
treatment. The recent TCGA genomic categorisation study on HNSCC found a mutation
rate of 86% in non-viral related HNSCC (Lawrence et al., 2015) and in HPV-positive
disease, the actions of the oncoproteins, predominantly E6, promotes rapid p53
degradation (Huibregtse et al., 1993; Mammas et al., 2008) which is not only an
important mechanism behind HPV oncogenic potential, but also has a profound effect on

cell metabolism due to p53’s ability to invoke a global transcriptional response regulating
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glycolysis, mitochondrial respiration, glutaminolysis and regulation of cell growth via
interaction with the mTOR pathway (Maddocks and Vousden, 2011).

Tumours are highly glycolytic on PET imaging and, although few in number,
metabolic targeting studies with 2-deoxy-D-glucose has been shown to potentiate
cisplatin’s antitumour effects on tumour cell proliferation and survival, as well as inhibit
the growth of HNSCC xenografts (Andrean L Simons et al., 2007; Andrean L. Simons et al.,
2007). We have provided evidence for one example of how tumour metabolism can be
targeted to affect cancer cell behaviour and survival, through blocking MCT1 activity. The
family of MCTs are involved in both lactate influx and efflux across the cell membrane,
helping to closely control lactate flux and resulting extracellular pH. Through blocking
their activity, it is easy to understand how the tumour microenvironment will be
significantly affected, and we have provided a strong scientific rationale on why HPV-
negative patients would be more suitable to this form of treatment. The fact is that
despite MCT1’s recent emergence as a cancer target (Bola et al., 2014), its mechanism of
action and relationship with the other MCT family members remains unclear. By
demonstrating a significant change in the glycolytic-OXPHOS biodynamics in tumour cells
after MCT1 disruption, we have provided evidence that disruption of lactate shuttling,
likely involved in a highly regulated symbiotic relationship between cells of differing
metabolic state, results in a profound global shift of tumour cells towards a less
bioenergetically active state. In turn this offers numerous potential opportunities for
symbiotic treatment combinations. However, manipulating tumour metabolism must be
investigated with caution; the lactate import function of MCT1 has actually been shown
to result in a less aggressive gene expression profile in some tumours (J. L.-Y. Chen et al.,
2008) but early results for MCT1 inhibition are promising (Bola et al., 2014). If our in vitro
study results with MCT1 inhibition can be replicated with in vivo experiments, we would
propose consideration of planning for a window study to observe for any potential
synergistic combination treatment strategy in HPV-negative HNSCC patients.

For each of the 500,000 new patients presenting with HNSCC each year, both new
management strategies for targeted therapy and new antitumour agents are urgently
required (Le Tourneau et al., 2007). In order for these novel molecular targeting therapies
to be realised, we must fully understand the biological mechanisms behind disease
progression and we have presented both in vitro and in vivo data exploring novel aspects

of HNSCC disease. After almost a century of metabolism research since Otto Warburg’s
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first experiments, we now be on the cusp of using the results of his pioneering

experiments for therapeutic benefit .

186



Appendix A

Appendices

187



Appendix A

188



Appendix A

Media and buffers

* Tissue culture

Phosphate buffered saline (PBS), 10x

NaCl 80g
KCl 2.5g
Na,HPO,4 2.5g
KH,PO,4 2.5g

Made up to 1 litre with distilled H,O

10% DMEM
DMEM (PAA)
10% heat irradiated fetal bovine serum (Biosera)

2mM L-Glutamine (PAA)

10% RPMI
RPMO 1640
10% heat irradiated fetal bovine serum (Biosera)

2mM L-Glutamine (PAA)

SCC25 Media
DMEM (PAA): Hams F12 (1:1)
10% heat irradiated fetal bovine serum (Biosera)

2mM L-Glutamine (PAA)

MLEC Medium

10% DMEM as above

400ug/ml Geneticine
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Keratinocyte growth medium (KGM)

A-MEM (Gibco)

10% heat irradiated fetal bovine serum (Biosera)
2mM L-Glutamine (PAA)

1.8x10-4M adenine (Sigma)

0.5mg/ml hydrocortisone (Sigma)

10ng/ml epidermal growth factor (Sigma)

* Waestern Blotting

SDS-polyacrylamide gels

Resolving gels (15ml) 8%
Distilled water (ml) 6.9
30% acrylamide mix (ml) 4

1.5M Tris (pH 8.8) (ml) 3.8
10% SDS (ul) 150
10% ammonium persulphate (APS) (ul) 150
TEMED (pl) 9

Stacking gel (4ml)

Distilled water (ml) 2.7
30% acrylamide mix (ml) 670
1.5M Tris (pH 6.8) (ml) 500
10% SDS (ul) 40
10% APS (pl) 40
TEMED (pl) 4

Western blotting running buffer (5x) (2L)

Tris base 30g
Glycine 144g
SDS 10g

Distilled water to 2 litres
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Western blotting transfer buffer (5x) (2L)

Tris base 58g
Glycine 290g
SDS 10g

Distilled water to 2 litres

NP40 Lysis Buffer

1M Tris pH 7.4 1ml
10% NP40 1ml
0.5M EDTA 100pl
0.5M EGTA 100yl
5M NacCl 100ul
500mM NaF 100ul

100X PIC (protease inhibitor cocktail (Calbiochem Protease Inhibitor Cocktail Set 1)

100ul
Distilled water 7.5ml
Western blot blocking buffer (50ml)
10% Tween 20 0.5ml
Marvel skimmed milk powder 2.5g
PBS to 50ml
Western blot washing buffer (1L)
10% Tween 10ml
PBS 1L

5x Laemmli

625mM Tris ph 6.8

6% SDS

15% Glycerol (100%)
0.009% Bromphenol-blue
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*  Flow cytometry

FACS Buffer
For 1L
10xPBS 100ml
0.5M EDTA 8ml
6.5% NaN3 1ml
BSA 10g
Add distilled water to volume 1L
Antibodies
Primary antibody |Species Supplier IHC/IF WB/FC
dilution dilution
HSC70 Mouse Santa Cruz 1:10,000
Active caspase-3 Rabbit Abcam lug/ml
B1(P5D2) Mouse Abcam 1:1000
CD29/B1 (APC) Mouse Biolegend Sul/test
CD61/ B3 (FITC) Mouse Biolegend Sul/test
B6 (PE) Mouse R&D systems 10u1/10° cells
Talin-1 (TLN1) (8d4) | Mouse Abcam 1:2000
TNS1 Rabbit C/o Dr. S Hafizi (UoP | 1:200 1:500
in-house,
polyclonal)
TNS3 Rabbit C/o Dr. S Hafizi (UoP | 1:200 1:500
in-house,
polyclonal)
TNS3 Rabbit C/o Dr. S Hafizi (UoP |1:200 1:500
in-house,
polyclonal)
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TNS3 Rabbit Abcam 1/1000
Tensin 4/CTEN Mouse R&D systems IHC 1:200 |WB
MADb (Clone 1 pg/mL
684524)

Inhibitors, reagents and blocking antibodies

Reagent Manufacturer Concentration
Human TGF-B1 Sigma-Aldrich 100-2000pg/ml
Human recombinant TGFB1- |Sigma-Aldrich 0.5ug/ml

latency-associated peptide

(TGF-B1 LAP)

63G9 (avp6 blocking Biogen Idec 20pg/ml
antibody)

P5D2 (B1 blocking antibody) |Abcam 10pug/ml
ALK5 (TGF-B Rl kinase Calbiochem 1pg/mi
inhibitor)
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siRNA
siRNA Manufacturer Serial/catalogue Concentration (nM)
number

Silencer negative Applied Biosystems AM4635 10-30

control

avpe6 Thermo L-00812-00 100
Scientific/Dharmacon

TNS3 (Flexitube) Qiagen GS64759 5

TNS4 (CTEN) Life Technologies 4392421 30

CtBP1 (stock) Qiagen Custom* 30

CtBP1 GeneSolution |Qiagen 1027416 30

pool

CtBP2 (stock) Qiagen Custom** 30

CtBP2 GeneSolution |Qiagen 1027416 30

pool

* Target mRNA sequence (CtBP1): 5'-ACGACUUCACCGUCAAGCAdTdT-3'

3'-dTdTUGCUGAAGUGGCAGUUCGU-5'

** Target mRNA sequence (CtBP2):

3'-dTdTUGCUGAAGUGGCAGUUCGU-5'
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shRNA
Species Specificity
Sequences Tube ID
(human, mouse, rat)
TL300896A /
GAGCAACGGAAGTGGCAGAAGTACTGCAA H,M
TL300896A
TL3008968B /
CCAGTGTTCTTACTACACCACGGAAGGCT H
TL300896B
TL300896C /
ACACGAAGCAGCAGTGAGAGCCTCATCTT H
TL300896C
TL300896D /
CTCTGACTGATGTCCAGAGGAAGGTGTTT H
TL300896D
PCR Reagents/Primers
Reagent Manufacturer Catalogue Number/Assay id
gScript™ cDNA SuperMix VWR/Quanta QUNT95118-250

PerfeCTa® gPCR FastMix I1®, VWR/Quanta

733-1177

Tagman gene assay - TNS3 Lifetechnologies Hs00224228 m1l
(FAM)

Tagman gene assay — Lifetechnologies Hs00262662_m1
TNS4 (FAM)

Tagman gene assay — Lifetechnologies Hs00559595 m1
ITGB1
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Tagman gene assay — Lifetechnologies Hs00982345_m1
ITGB6

Tagman gene assay — Lifetechnologies Hs00426835_gl
ACTA2

Tagman gene assay — Lifetechnologies Hs00164004_m1
COL1A1

Tagman gene assay — Lifetechnologies Hs00365052_m1
FN1

ACTB (beta actin) Endogenous |Lifetechnologies 4326315E
Control (VIC)

E6/E7 primers (courtesy of K. Moutasim)

Oligo Name Sequences Tube ID
Spliced E6-E7 (F) ACTGCGACGTGAGATCATCAAGAAC|HAO7506821
Spliced Eg-E7 (R) TCTGAGAACAGATGGGGCACACA |[HA07506822
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siRNA optimisation

Appendix B

A
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SiRNA:  Ctrl 30nM 50nM

CTEN -

HSC70

24 hrs 48 hrs
SIRNA: Ctrl  10nM 20nM 30nM Ctrl 10nM 20nM  30nM
TNS3 [ -
HSC70

pn—p— R

Ctrl 30nM 50nM

-

aie NGy TS

CTEN shRNA sequence
& > 2 < Q

CTEN w0 e A

FSCT0 we—— e G W

Figure 7-1. Transfection optimisation of Tensin siRNA. A, SCC25 cells were plated at 5 x 10*
cells/well and transfected with either Control (Ctrl), Tensin-3 (TNS3) siRNA or Cten
siRNA. siRNA concentrations of 30 and 50nM were tested with Cten siRNA, and an
additional concentration of 10nM in Tensin-3 siRNA. Cells were then lysed at 24 or
48 hours post transfection and Western blot performed. Significant knockdown is
observed in both Tensins at 24 hours in all concentrations (an additional 10nM was
tested with Cten siRNA but knockdown was insufficient (data not shown)). 10nM

siRNA for TNS3 and 30nM for CTEN was therefore chosen as suitable

concentrations for all functional assays with setting up of these assays performed
at 24 hours post transfection. B, to produce a stable CTEN knockdown cell line,
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human shRNA lentiviral particles (4 unique 29mer target-specific ShRNA sequences
labelled A-D, 1 scrambled control (Ctrl)) were purchased from Origene. SCC25 cells
were seeded at 6x10°/ 25cm? flask and following overnight incubation, medium in
each flask was replaced with 3mls of the virus particle mixture comprising: DMEM,
10% FCS, 1% L-Glutamine, 8 1g/ml Polybrene® and viral particles at a MOI
(multiplicity of infection) of 2. Transduction units (TU/ml) for each sequence were
supplied on purchase to enable accurate MOI calculation. Puromcyin-containing
medium was used for colony selection to obtained pooled culture. Gene silencing
was confirmed by examination of protein levels with Western blotting and from
this result, shRNA batch C was chose for functional experiments. HSC70 was used

as a loading control.
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Confirmation of siRNA knockdown of CTEN and RNA quality analysis prior

to performance of RNA sequencing
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Figure 7-2. Pre-processing and quality assessment of RNA for RNA sequencing analysis. A, Three
time- and batch-independent SCC25 cell culture populations were treated with
either Ctrl siRNA or CTEN siRNA and collected at 48 hours post-transfection. RNA
was extracted with the RNAeasy Kit (Qiagen) according to manufacturer
instructions. Extracted RNA was re-suspended in RNAse—free water and then
quantified on a spectrophotometer. Real-time Tagman® PCR assay of CTEN target
was performed to confirm knockdown at RNA level across cell lines. Results were
normalised to a B-actin control. B, RNA quality was determined using Bioanalyser
analysis (Agilent Technologies Inc.) to obtain RNA integrity numbers prior to
downstream processing.
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voom: Mean-variance trend
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Figure 7-3. A, voom mean-variance modelling. Plot represents gene-wise square-root residual
standard deviations versus average log count. Gene-wise means and variances are
represented by black points and a LOWESS trend has been drawn, demonstrating
moderate-level biological variation. B, 3-dimensional plot showing the first, second
and third principal components (PC1, PC2 and PC3 respectively).
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MCODE NETWORK ANALYSIS OF CTEN KNOCKDOWN CELLS [siRNA)
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Figure 7-4. MCODE clusters. In addition to a network analysis, we also performed an MCODE
clustering algorithm (Bader and Hogue, 2003) which detected a total of 8 and 4
clusters in the up-regulated and down-regulated DEG networks. Using a cut off of
clusters containing >10 nodes and a minimum MCODE score of 5.0, only 6 in the
former and 1 clusters in the latter were selected and these are displayed
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Figure 7-5. Pre-ChlP optimisation. A, DNA sequence of the 5’ end of the human CTEN promoter,
reproduced from Chen et al (2013). A 2-kb sequence upstream of exon 1 as
indicated is shown. About 2-kb human genomic sequence 5’ upstream of CTEN
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exon 1 (bold italic) is listed. Sequential overlapping sequences were utilised for PCR
primer design (Chen et al., 2013). B, chromatin was prepared using the MAGnify
system according to the manufacturer's protocol with a few modifications as listed
in Methods section. Following focussed-ultrasonication at Intensity 3.5, microtip,
5x15 seconds on, 20 seconds off, DNA size was examined on included cell lines on a
2% agarose gel prior to snap freezing at -70°C storage. Chromatin preparation steps
performed together with Ms Abbie Mead.

P6

P2 P4
+—>
P1e—% P3 &% P5 +— P7 &— P9

TSS
P8 pto.
> exon 1’ R
TF) i
CtBP1

-857bp -376bp

Figure 7-6. Model of CtBP interaction with TLN1 promoter, reproduced from Rucka et al, 2014.

Gene Oligo name Sequence (5’ -> 3’)
TLN1 8a Forward (8aF) GGGAGTAGGTGTGGTCATGG
8a Reverse (8aR) GGTCAAGGCCTGTTCATTGG
8b Forward (8bF) ACCCCAACCTACCTCAGAAAG
8b Reverse (8bR) ATGGAGCTGGAATTGGATGC
CDH1 Forward CCCATAACCCACCTAGACCC
Reverse CTGATTGGCTGAGGGTTCAC
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CTEN P1 Forward CACACACCCAGACCCAAAAC
P1 Reverse CAGAGTCCAGGTGAAGAGTC
P2 Forward CACACCTTGATTCTAGCTATGC
P2 Reverse GGATCCAGTGAGCTCAGGTG
P3 Forward AAGAAGAAAAGACAAGCTCGTG
P3 Reverse ATAGCTAGAATCAAGGTGTGCA
P4 Forward TCTGAACACCTCCTTACAACAT
P4 Reverse ATAGCTGTTCCTTCACTCATGG
P5 Forward CTAGTTCACCATGCCTCAGT
P5 Reverse ATGTTGTAAGGAGGTGTTCAGA
P6 Forward TCCAAAGACATAATTGCTCATCA
P6 Reverse CTGAGGCATGGTGAACTAGT
P7 Forward GTGTGAAACAAAAGAGCCAATC
P7 Reverse CTCATGATTGTGGGAGAGTGG
P8 Forward ATAAAGAAATGCCACTCCATCC
P8 Reverse GTTATGGTCTTTGTTGGCAGAT
P9 Forward AAAGTCTGAAGTGGGAAGATCA
P9 Reverse GGATGGAGTGGCATTTGTTTAT

P10 Forward AGATAGAAGCAGAAGGAACACT
P10 Reverse TGATCTTCCCACTTCAGACTTT

Figure 7-7. Sequence details for primers used in PCR reactions. Codes in brackets represent label
codes used in main thesis body figures.
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Figure 7-8. CTEN expression affects cell adhesion in a cell line dependent manner. Adhesion
assays performed on XCELLigence Real Time Cell Analyser using wells coated with
either latency associated peptide (LAP; 0.5ug/ml), or bovine serum albumin (BSA;
0.1%) as a control to monitor non-specific adhesion (data not shown) and the
experiment continued until this control showed an adhesive response. No
significant alteration in adhesion was observed across all cell lines.
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Mycoplasma PCR protocol

PCR
Reaction detects Mycoplasma by amplification of 165-23S spacer regions in rRNA
operons. Sequences below are common to 14 different species of Mycoplasma; primers

purchased from Sigma.

Fwd1 ACT CCT ACG GGA GGCAGCAGTA
Fwd2 CTT AAA GGA ATT GAC GGG AAC CCG
Rev TGC ACCATC TGT CACTCT GTT AACCTC

1°* Round — Band at 720bp

Sample DNA/Supernatant (1ul)  1ul

Forward Primer 1 (100pmol/ul)  1ul

Reverse Primer (100pmol/ul) 1wl

Formamide 0.3ul

Master Mix* Make up to 20ul (16.7ul)
Mega Mix-Blue; #2MMB-5; Microzone Limited

Cycling Conditions

95°C x 30s

35 cycles: 95°C x 30s, 55°C x 30s, 72°C x 1 min, 72°C x 1 min
Make a 1% gel, run 10ul of the PCR product at 120V for 20 mins.

2"Y Round - Band at 145bpm

1°* Round PCR Product 1ul
Forward Primer 2 (100pmol/ul) lul
Reverse Primer (100pmol/ul) 1ul
Master Mix 17ul

Same cycling conditions as above

Make a 1% gel, run 10ul of the PCR product at 120V for 20 mins.
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