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I Abstract

Cancer is a multistep complex genetic disease that typically results from the
acquisition of gain-of-function mutations in oncogenes and loss-of-function
mutations in tumour suppressor genes. There is increasing evidence that impaired
cellular energy metabolism is the defining characteristic of nearly all tumours
regardless of cellular or tissue origin. The purpose of this present study is to
investigate the process of metabolic adaptations in squamous cell carcinoma of the
head and neck (SCCHN), in particular, carbohydrate metabolism, by analysing three
essential proteins; p53, TIGAR and HK-2.

The rationale for selecting these three proteins is based on the following
observations; this study aimed to investigate the role of critical genes that alter
cellular metabolism in SCCHN and because of the importance of p53 in SCCHN,
and recent studies which have confirmed the importance of p53 in metabolic
regulation, p53 was our initial focus. We have also examined TIGAR (TP53 induced
glycolysis and apoptosis regulator), a major p53 regulated gene known to play
essential roles in regulating metabolism, in part, by acting enzymatically as a
Fructose 2,6, bisphosphatase. Moreover, it is clear from the literature that TIGAR
also interacts with another critical metabolic enzyme: HK-2 (Hexokinase 2), and
through this appears to also impact upon cellular metabolism by a mechanism that is
independent of the phosphatase activity of TIGAR. Therefore, we decided that it
would be important to include an investigation of the expression of HK-2 in SCCHN

as part of our studies.

Various authors have already studied the metabolic roles of p53 and HK-2 in
SCCHN. Still, to the best of our knowledge, there are no studies regarding TIGAR
expression in SCCHN and any potential correlation with p53 and HK-2 in this
disease. The primary aims were to analyse the expression pattern of p53, TIGAR and
HK-2 in head and neck cancers. To accomplish this, we examined SCCHN cell lines
with defined TP53 genetic status to investigate whether any obvious connection
might exist between p53, TIGAR and HK-2 steady-state expression. We also
examined tumour biopsy samples from patients with SCCHN by
immunohistochemistry (IHC). In addition, we aimed to investigate whether any
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association could be detected between the expression of these proteins and various
clinical variables such as anatomical sites, T stage, N stage, differentiation, nerve
invasion, vascular invasion, extracapsular spread, and also patient outcomes

(survival).

‘University of Michigan - squamous cell carcinoma’ (UM-SCC) cell lines, including
isogenic lines expressing no p53, wild-type p53 or p53 mutants and also wild-type
cells manipulated by RNA. to express lower levels of p53 were used to examine the
expression of p53, TIGAR, and HK-2. For IHC analysis, we used two sets of Tissue
microarrays (TMAs) constructed from SCCHN patient samples. The first TMA
(TMA set 1) (previously constructed and used by a previous colleague) originally
included samples from 102 patients, but due to one sample core missing, we analysed
101 samples, with most from the oral cavity (n=93) and fewer from the oropharynx
(n=8). Due to the paucity of tissue available, we analysed the expression of p53 and
TIGAR only in this TMA. The second TMA (TMA set 2) (newly constructed by the
Liverpool University LBiH ‘Tissue Bio-Bank’) was used to analyse the expression of
p53, TIGAR, and HK-2, with 161 samples of which were from the larynx (n=77),
hypopharynx (n=22), and oropharynx (n=62). Each patient sample contains
representative tissue from the tumour core, advancing front of the tumour, normal
tissue, and lymph nodes if involved. As the numbers of hypopharynx were small, we

have combined larynx and hypopharynx together for analysis.

We inferred that p53 was likely to be mutated in approximately 62% of samples
from TMA set 1 and 65% and 50% of samples from the tumour core and advancing
front samples of the larynx and hypopharynx cohort of TMA set 2, respectively. This
is similar to the estimate of 84% for p53 mutation obtained by TCGA network
analyses of 279 SCCHN cases. However, for oropharynx samples, the inferred p53
mutation rate was 72.6% and 50.00% for tumour core and advancing front samples,
respectively. This seems surprisingly high since we might expect p53 in these
samples to frequently be wild-type as a result of HPV infection in many of this
cohort. Analysis of TIGAR protein detected expression in 73% of samples in TMA
set 1, whereas in TMA set 2, we observed TIGAR expression in all of the samples.
We observed 42.4% and 28.3% of strong HK-2 expression in the tumour core and
advancing front samples of larynx and hypopharynx, respectively, in TMA set 2.
Oropharynx samples displayed a strong HK-2 expression of 54.8% in the tumour
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core and 38.7% in the advancing front samples. There was a significant positive
association between inferred p53 mutant status and strong HK-2 expression in
tumour core (P=0.003) and in the advancing front (P=0.047) samples from larynx
and hypopharynx, which suggests patients with strong HK-2 are more likely to have

inferred p53 mutant status.

Our results in cell lines suggest that that the highest levels of TIGAR expression are
associated with wt-p53, whether expressed from a lentiviral vector in a p53 null line,
or comparing RNAi-mediated knock-down in a p53 wild-type line, or even
comparing two essentially isogenic cell lines from a single patient obtained at
different times, with one harbouring wt-p53 and one possessing a p53 mutation (UM-
SCC-11A and 11B respectively). This suggests that in SCCHN, the connection
between TIGAR expression and retention of wt-p53 is potentially retained. Analysis
of the IHC data did not reveal any significant association between inferred p53
mutant status and TIGAR expression in TMA set 1 (P=0.580). Unfortunately, it has
not been possible to address this in the TMA set 2 samples because of the overall

strong staining of TIGAR in all the slides.

This is the first study of TIGAR expression in SCCHN, and our data suggest that,
unlike some other cancers, the link between p53 and TIGAR expression is retained,
at least in cell lines. HK-2 is expressed in all cell lines, and the steady-state levels do
vary much between cells with different p53 status. It is, therefore, perhaps surprising
that we have detected some variability in HK-2 expression in tumour samples by
IHC. Moreover, we have identified a strong association between HK-2 expression
and p53-inferred mutant status in tumour cores (P=0.003) and in the advancing
tumour front (P=0.047). This suggests that loss of p53 function, which would be
expected to increase glycolysis, is associated with increased expression of a key
glycolytic enzyme. This is not surprising, but it is the first time that this association
has been identified in SCCHN.

Importantly, this may indicate that targeting HK-2, for example, with an inhibitor

could prove particularly effective in p53 mutant tumours.

These studies include the first attempt to characterise TIGAR expression in SCCHN,
and combined with analysis of HK-2 and using IHC to infer p53 status, has revealed

some intriguing associations. Clearly, similar studies using genetic approaches to the
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patient analysis of p53 status will be necessary. However, the studies of cell lines
suggest that functional studies of HK-2 inhibitors such as Benserazide would be
potentially informative. Ultimately, it is clear that cancer cell metabolism is a highly
attractive target for therapy. Hopefully, these preliminary results shed some light and
suggest some future directions for further investigations of metabolic processes in

cancer cells.
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Introduction

1. Introduction

1.1 Squamous cell carcinoma of the head and neck

Head and neck cancer is a broad term that denotes tumours that arise in the oral
cavity, nasopharynx, oropharynx, hypopharynx, larynx, and least frequently from the
sinonasal tract (1, 2). Even though tumours at the different anatomical sites have
variable histology, squamous cell carcinoma is the most common malignancy in the
head and neck region (more than 90%), and that is the reason the terms “head and
neck cancer” and “squamous cell carcinoma of the head and neck” (SCCHN) are
often used interchangeably (3). Squamous cell carcinomas are the exclusive focus of
our study, and we have described them either as ‘head and neck tumour’ or

‘SCCHN?” throughout this thesis.

SCCHN ranks sixth among the most common worldwide malignancies and accounts
for approximately 6% of all cancer cases, responsible for an estimated 1%-2% of all
cancer deaths (4). In the United Kingdom (UK), SCCHN ranks eighth among the

common cancers in males and sixteenth in females (5).

The frequency of SCCHN is much higher in developing countries, accounting for up
to 40% of all cancers in the Indian subcontinent, with increased rates of SCCHN also
reported for parts of South America, Southeast Asia, the western pacific, France and
eastern Europe (6, 7). The larynx is the common site for SCCHN in most
geographical areas (5), whereas, in the Indian subcontinent, the oral cavity is the

common site for head and neck cancer compared to other anatomical subsites (8).
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Management of SCCHN is always a challenge as these tumours arise from important
anatomical sites such as the oral cavity or larynx, which are essential for speech,
swallowing, and taste. Treatment such as surgery and radiotherapy can cause
functional impairment and further reduces the quality of life for head and neck
cancer patients (9). Despite advances in surgery, radiotherapy and chemotherapy for
patients with SCCHN, survival rates have not improved significantly in recent years,
and the 5-year survival rate for SCCHN remains poor due to uncontrolled or

recurrent tumours and lack of suitable markers for early detection (10)

The four major subsites of head and neck tumours (oral cavity, oropharynx, larynx,

and hypopharynx), with their anatomical boundaries, are shown in figure 1.1.

Paranasal
sinuses

Nasal cavity
TNasophawnx

Oral cavity

Oropharynx
Pharynx — Salivary

glands

L— Hypopharynx

Figure 1:1 Anatomical regions of the head and neck. The oral cavity spans between the oral fissure
anteriorly and the oropharyngeal isthmus posteriorly. The pharynx begins at the base of the skull and
ends at the inferior border of the cricoid cartilage, and has three parts: nasopharynx, oropharynx,
hypopharynx (also known as laryngopharynx). The larynx is located within the anterior aspect of the
neck and is situated just below where the tract of the pharynx splits into the trachea and oesophagus.
Paranasal sinuses are a group of air-filled spaces that surround the nasal cavity: the maxillary sinus,
frontal sinus, ethmoid sinus, sphenoidal sinus. The salivary glands are exocrine glands that produce
saliva. There are three paired major salivary glands (parotid, submandibular, and sublingual) as well
as hundreds of minor salivary glands (11, 12).
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The nasopharynx is also technically an SCCHN subsite, but nasopharyngeal
carcinoma is generally considered as a separate clinicopathological entity given its
distinct features such as silent growth in a hidden nasopharyngeal cavity, different
histological arrangement ( nasopharyngeal lumen is lined with transitional epithelium
compared to the stratified squamous epithelium which gives rise to more than 90% of
head and neck carcinomas), and increased chemo and radiosensitivity behaviour

(13). Hence, nasopharyngeal carcinoma is not considered further in this thesis.

1.2 Risk factors and aetiology of head and neck cancer

The most significant risk factors for SCCHN in the UK, as in much of the developed
world, are tobacco smoking, alcohol consumption and infection by oncogenic human

papillomaviruses (HPV) (14, 15).

Smoking and alcohol appear to have a synergistic effect on mucosal surfaces (16).
For head and neck cancer, smoking is an independent risk factor and smoking
cessation for a short period (1-4 years) results in a head and neck cancer risk

reduction compared with current smoking (OR 0.70, 95% CI 0.61-0.81) (17).

Alcohol is another major independent risk factor for head and neck cancer, and
patients who continue to consume alcohol after head and neck cancer treatment have
a worse quality of life and reduced survival compared to the patients who stopped
drinking (18, 19). In a study of two hundred and sixty-four survivors of an early
stage of head and neck cancer, history of alcohol before diagnosis dose-dependently
increased the mortality risk to 4.9 (95% CI=1.5 — 16.3), and the risk has been further
increased significantly when patients continued to drink in post-diagnosis period (RR

continued drinking vs no drinking = 2.7, 95% ClI, 1.2-6.1) (18).



Introduction

Substantial evidence has accumulated in recent years, confirming that specific human
papillomaviruses (HPV) are aetiologically involved in a subset of head and neck

cancers: oropharyngeal squamous cell carcinomas (OPSCC) (20).

The developed world has experienced a significant rise in the incidence of OPSCC
in recent years (21, 22). Sexual behaviour is a major risk factor for OPSCC, with a
lifetime number of oral sex partners considered as the behavioural measure most

strongly associated with OPSCC development (23).

Human papillomavirus is a member of the larger family of papilloma viridae, which
are non-enveloped and contain a circular, double-stranded DNA genome (24). There
are more than two hundred various HPV genotypes that have been identified (25),
and the HPV types 16, 18, 31, 33, 35, 45, 52, and 58 are the high-risk types that have
been linked to cervical cancers (26). Although all high-risk HPV types have been
detected in the head and neck sites, most of the HPV infections in normal healthy
individuals are cleared within 6-18 months, whereas infection due to HPV 16 type
exhibits the lowest clearance rate with infection persisting up to 22 months (27).
HPV types 16 and 18 contribute to 85% of HPV-associated head and neck cancer
cases worldwide, while the remaining 15% of cases are caused by HPV types 33, 35,
52, 45, 39, 58, 31, 53, and 56 (28, 29). Following HPV infection, the oncogenes E6
and E7 integrate into the host chromosome, and persistent expression of these
oncogenes interferes with the functioning of the cell cycle regulator (tumour

suppressor) proteins (further discussed in section 1.5.4) (30).

Even though smoking, alcohol and HPV infections are considered to be the most
significant risk factors for head and neck cancer in the developed world, it is

interesting to note that in India, south-east Asia and some parts of China, betel quid

4
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is known to be an independent aetiological agent (with or without tobacco) for oral

cavity cancers (31-34) (see figure 1.2).

Figure 1:2 Betel leaf and quid with and without tobacco. [(A) Betel quid with tobacco (B) Betel
quid without tobacco] A betel quid (synonymous with ‘pan’ or ‘paan’) is a mixture of ingredients,
including betel nut (also called areca nut), slaked lime and may contain tobacco, wrapped in a betel
leaf (35).

Betel quid with tobacco was first designated as a carcinogen by the IARC in 1985
(36), and betel quid without tobacco was also classified as a human carcinogen in

2004 (37).

The incidence patterns of SCCHN over time and by geography are intriguing,
closely reflect the changing prevalence of the aforementioned major risk factors. In
the UK, laryngeal cancer incidence has declined by 20% since 1990, but the rate has
levelled off since 2005, reflecting the reduction in smoking over the preceding years
(38). Despite the falling trends in smoking, the incidence of OPSCC has increased

(38).
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1.3 Hallmarks of head and cancer

To understand SCCHN, one needs to appreciate that it arises following a series of
critical genetic alterations, which have been fairly well characterised (39). As with
all cancers, the evolutionary process of a normal cell changing to a cancerous one is
a complex mechanism, accompanied by multiple steps of genetic and epigenetic
changes that confer selective advantages upon the altered cells (40). Hanahan and
Weinberg originally proposed that the following six hallmarks of cancer are essential
in the multiple stages of tumour progression: self-sufficiency in growth signals,
insensitivity to anti-growth signals, evading apoptosis, limitless replicative potential,

sustained angiogenesis, tissue invasion and metastasis (41).

In 2011, Hanahan and Weinberg updated their model and added two emerging
hallmarks: reprogramming of energy metabolism and evading immune destruction
(42). They also proposed two enabling characteristics which are not hallmarks but
allow cancer cells to acquire the above hallmarks, and they are genome instability

and tumour-promoting inflammation (43).

Figure 1.3 summarises the revised hallmarks of cancer and the molecular

mechanisms known to be involved in SCCHN.
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LOF mutations of TP53/
Rbl TGF-B
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of TP53 instability angiogenesis IL-8 Downregulation of

interferons

Evading Activating
immune invasion &
destruction metastasis
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Figure 1:3 Hallmarks of cancer and examples from SCCHN. Hanahan and Weinberg proposed
ten hallmarks of cancer (in red), and some examples of molecular mechanisms affecting each of
the hallmarks that are known to be involved in SCCHN are shown in blue. (LOF — Loss of
function). Only the most frequently implicated genes in SCCHN will be discussed further in this
chapter since it is likely that these are the most critical pathways in SCCHN carcinogenesis (43).

1.3.1 Self — sufficiency in growth signals

Healthy cells receive growth-stimulatory signals from their surroundings, which are
processed and integrated by complex circuits within the cell, which decide whether
cell growth and division are appropriate or not (44). Cancer cells generate many of
their own growth signals, thereby reducing their dependence on stimulation from
their normal tissue microenvironment (41). Various families of growth factors and
growth factor receptors have been implicated in the autonomous growth of tumour
cells (45). A well-known example of such a signaling system is the epidermal growth
factor receptor (EGFR) and the EGF- family of peptide growth factors, which play a

central role in the tumorigenesis of various carcinoma types (46). The ErbB family of
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receptor tyrosine kinases comprises four distinct receptors: EGFR (also known as
ErbB-1/HER1), ErbB-2 (neu, HER2), ErbB-3 (HER3) and ErbB-4 (HER4) (45).
Overexpression of EGFR is seen up to 90% in SCCHN, and the high expression of
EGFR is associated with poor clinical outcomes (47-49). EGFR inhibitors such as
Cetuximab have exhibited a significant anticancer effect in SCCHN and have
improved locoregional control as well as survival (50). There is a significant survival
benefit when combining external radiotherapy with Cetuximab for locally advanced
SCCHN (51). Apart from EGFR, C-Met is another transmembrane tyrosine kinase
receptor that is associated with the invasiveness and metastasis of squamous cell

carcinoma of the tongue (52).

1.3.2 Insensitivity to Antigrowth signals

The evasion of anti-growth signaling is an essential hallmark of cancer cells, and in
order to proliferate continuously, tumour cells must somehow uncouple themselves
from many signals that exist to prevent cell growth (53). Examples of well-known
anti-growth signaling pathways are those regulated by p53, phosphatase and tensin

homolog (PTEN), retinoblastoma protein (Rb), and Notch (53).

p53 is the most important tumour suppressor protein (described in detail in section
1.5), known as the ‘guardian of the genome’ (54). p53 functions mainly as a
transcription factor and can trigger many antiproliferative pathways by activating or
repressing key effector genes (55). Cell-cycle checkpoints are essential to verify
whether each phase of the cell cycle has been accurately completed before
progression into the next phase and p53 plays a major role in cellular growth arrest at
these checkpoints in response to various cellular stresses (55). In SCCHN, TP53 is

the most commonly mutated gene (56) and deregulated p53 protein levels are
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correlated with enhanced genetic instability in the preneoplastic epithelium, and it
may exert a driving force for the increasing rate of accumulation of genetic events

during head and neck tumorigenesis (57).

Retinoblastoma protein (Rb) is another crucial tumour suppressor protein, and Rb
plays a role in the G1 phase of the cell cycle, where it suppresses the cell cycle
progression by binding to and inhibiting the E2F transcription factors (58). One of
the HPV oncoproteins, E7, is best known for its function to inactivate pRb, however
functional loss of pRb is not fully accounted for the potency of E7 in causing
SCCHN (59). It has been observed that pRb and p107 (one of the pocket proteins of
pRb) act together to reduce the tumorigenesis in head and neck cancer, and
degradation of these proteins by E7 leads to HPV-associated SCCHN (59). The other
important HPV oncoprotein E6 binds p53 and targets it for degradation in about 20%

of SCCHN (60), and TP53 is not mutated in HPV-associated SCCHN (43).

Phosphatase and tensin homolog (PTEN) acts as a tumour suppressor through
negative feedback of the phosphatidylinositol 3-kinase/protein kinase B (PI3K)-
AKT-mammalian target of rapamycin (MTOR) pathways, and it was observed in
tongue cancer patients that loss of PTEN expression was associated with tumour

progression and aggressive behaviour (61).

Evasion of growth suppression can also happen through mechanisms other than the
loss of tumour suppressor gene function. Corruption of signaling pathways can
repress growth, and a known example for that mechanism is NOTCH 1 signaling,
which is down-regulated in SCCHN (43). NOTCH 1 is mutated in 10% to 15% of
SCCHN, and these mutations are inactivating, which suggests that the NOTCH 1

gene is acting as a tumour suppressor in head and neck cancer (62).
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1.3.3 Evading Apoptosis

Apoptosis is a process of programmed cell death, characterised by specific
morphological characteristics such as cell shrinkage, pyknosis, and karyorrhexis and
energy-dependent biochemical mechanisms (63). Apoptosis can occur either through
the intrinsic (mitochondrial) pathway or the extrinsic (receptor-initiated death)
pathway (64). The intrinsic pathway is chiefly regulated by the B-cell lymphoma-2
(BCL-2) protein family, which include pro-apoptotic effector proteins, proapoptotic

BH3-only proteins, and antiapoptotic BCL-2 proteins (65).

The extrinsic pathway is activated by death signals mediated by death ligands (TNF,
FASL/CD95L/TNFSF6, TRAIL/APO2L/TNFSF10) which bind to their respective
receptors and recruit an adaptor protein called Fas-associated protein with death
domain (FADD) (66). The adaptor protein (FADD) binds initiator procaspase to
form a complex called the death-inducing signaling complex (DISC) (66). Both
intrinsic and extrinsic pathways converge at the executioner caspases, a class of

cysteine proteases (66).

In SCCHN, expression of Bcl-2 and Bax expression has a prognostic value, and it
has been observed in an immunohistochemical analysis of the invasive front of oral
squamous cell carcinomas that Bax expression had a better prognosis than those
without Bax expression (67). The clinical significance of Bcl-2 overexpression is far
from clear in some tumour types; for example, Bcl-2 overexpression in breast, colon,
and lung is associated with better prognosis, whereas in cervix, melanoma, bladder,
and prostate, Bcl-2 overexpression is correlated with poor prognosis (68).
Considering the variation in the prognostic value of Bcl-2 expression, it has been
observed that Bcl-2, although a marker of advanced disease, exhibited a favourable

outcome in a small population (12.8%) of head and neck cancers (68).
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1.3.4 Limitless replicative Potential

Normal cells have limited replicative potential, whereas most tumour cells can be
distinguished from normal cells by a progressive acquisition of properties that
includes immortality (69). Telomeres present at the linear ends of the chromosomes
with a repeat sequence of TTAGGG and telomerase, a ribonucleoprotein enzyme that
extends the 3’ end of telomeres and maintains its length (41). Telomerase activity is
transcriptionally regulated by human telomerase reverse transcriptase ("nTERT), and
overexpression of hTERT is associated with almost all human malignant tumours

(70).

In the head and neck region, overexpression of hTERT has been observed in oral
epithelial dysplasia and oral squamous cell carcinoma samples and correlated with
aggressive nature (70). The telomerase activation has been observed in 78% of head
and neck tumours, 85% of precancerous tissue, and 53% of adjacent normal tissues,
and long telomeres and field change may be associated with poor disease-free
survival (71). Increased expression of hTERT has been noticed as an early event in
oral carcinogenesis, and hTERT could be used as a biomarker (72). By measuring the
amount of cytoplasmic or nuclear expression of hTERT in SCCHN, it may be
possible to predict the tumour progression, recurrence, and prognosis (72). TERF2
(Telomeric Repeat Factor 2) is a component of the shelterin complex, which interacts
with the distal ends of chromosomes, and TERF2 overexpression has been observed
as a predictor of poor prognosis in oral squamous cell carcinoma independent of

tumour size (73).
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1.3.5 Sustained Angiogenesis

Angiogenesis, which is the formation of new blood vessels, is important for the
growth, invasion and metastasis of tumour cells (74, 75). For tumours less than or
equal to 2 mm in diameter, distribution of nutrients to tumour cells occurs by
diffusion, whereas larger tumours depend on a new vascular system to get the
required nutrition; thus, angiogenesis is important not only for tumour progression
but also for metastasis (76). Vascular endothelial growth factor (VEGF) and
Interleukin-8 (IL-8) are important pro-angiogenic factors that facilitate angiogenesis
by binding to the tyrosine kinase receptors (the VEGFRs) and G protein-coupled
serpentine receptors respectively on endothelial cells, triggering their proliferation
and migration (76). Increased levels of interleukin-8 (IL-8) and VEGF has been
observed in SCCHN and correlated with high recurrence, shorter disease-free
interval and a higher initial TNM staging (76). A large meta-analysis suggested that
VEGF expression is a significant survival predictor in head and neck cancer (77).
VEGF family members VEGF-A and VEGF-C were both correlated with lymph
node metastasis in oral squamous cell carcinoma and, in addition, VEGF-C was
associated with recurrence and poor 5-year survival (78). A large meta-analysis of 12
studies (n=1002 SCCHN patients) which evaluated the correlation between VEGF
and 2-year overall survival identified that VEGF positivity was associated with poor

overall survival in SCCHN patients (79).

1.3.6 Tissue invasion and metastasis

Invasion and metastasis are one of the important hallmarks of cancer cells which
refer to the capability of individual tumour cells to detach from the primary tumour,
invade the circulation and travel to a distant site, and form a secondary tumour (80).

Metastatic cascade is a collective term used to represent the five steps of metastasis,
12
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which are invasion and migration, intravasation, circulation, extravasation, and
colonisation (80). In epithelial tumours, inter-cellular structures and cell to cell
adhesion play a major role in maintaining a coherent primary tumour mass (81). One
of the most potent regulators of adhesion is E-cadherin, which is a member of the
cadherin family of proteins, plays a significant role in maintaining cell to cell

adhesion (82).

A meta-analysis of nine studies identified that E-cadherin is a critical factor in the
prognosis of oral squamous cell carcinoma patients, and reduced expression of E-

cadherin correlated with poor overall survival (83).

Catenins (a-catenin and [3-catenin) are a family of proteins found in complexes with
cadherin cell adhesion molecules, and E-cadherin has been shown to be linked to the
actin cytoskeleton via a-catenin and B-catenin (84). Expression of E-cadherin, a-
catenin and [-catenin was observed to be low in cases of oral squamous cell
carcinoma that develop regional metastasis suggesting the value of
immunohistochemical investigation of these proteins for diagnosing the presence of

metastasis (84).

Another important mechanism through which cancer cells invade the tissues and
detach from the primary tumour is through matrix metalloproteinases (MMPSs) which
are secretory proteolytic enzymes that promote cancer cell migration and invasion
into healthy surrounding tissues by degrading the extracellular matrix and
modulating the tumour microenvironment (85). It has been observed that MMP-21
and VEGF-C expression were higher in lymph node metastatic foci in oral squamous
cell carcinoma patients, and MMP-21 was a sensitive predictor of overall survival in

oral cancer patients with lymph node metastasis (86). Epithelial-mesenchymal
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transition (EMT) plays a major role in the invasion and metastasis of tumour cells,
and EMT is a dynamic process by which epithelial cells can convert into a
mesenchymal phenotype (87). Vimentin is a cytoskeletal protein, not expressed in
epithelial cells, but expressed mainly in mesenchymal cells, that has been identified
as a predictive marker in oral squamous cell carcinomas, and high vimentin

expression was correlated with poor prognosis (88).

1.3.7 Genome instability and mutation

One of the characteristics of many cancers is a loss of replication fidelity leading to
genomic instability. This contributes to the overall mutational processes in the cell,
and it increases the mutation rate in the tumour cells. Cancer frequently develops
from damage to various genes which are responsible for controlling the process of

cell division and tumour suppressors.

It is generally accepted that SCCHN arises from normal cells after genetic and
epigenetic changes caused by chronic exposure to any of the known carcinogens,
which are primarily alcohol, smoking, viral infections, and inflammation
(inflammation will be discussed in 1.3.8) (89). The genetic alterations include
deletions, point mutations, promoter methylation, amplification of oncogenes and
inactivation of tumour suppressor genes (90). In SCCHN, inactivation of tumour
suppressor genes and activation of oncogenes occur in various frequencies due to

loss of heterozygosity (LOH) and DNA copy number aberration (CAN) (91).

Loss of heterozygosity (LOH) on chromosomes 3p, 9p (inactivation of CDKN2A
[commonly referred to as p16'™K* or p16] p16), and 17p (inactivation of p53) have
been observed as the early genetic changes in head and neck cancer (92, 93);

conversely, genetic changes on chromosomes 4q, 8p, 11q, and 13q are correlated
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with the late-stage oral tumorigenesis (91, 94). A study on genome-wide loss of
heterozygosity and DNA copy number aberration (CNA) identified a highly
heterogeneous and complex genomic landscape of HPV-negative head and neck
tumours and observed that the regions in 4q, 8p, 9p and 11q play a critical role in the

disease-specific survival in SCCHN (95).

1.3.8 Tumour-promoting inflammation

Inflammatory responses play definite roles at various stages of tumorigenesis, such
as initiation, promotion, malignant transformation, invasion, and metastasis (96).
Prostaglandins generated from arachidonate by the action of cyclooxygenase (COX)
isoenzymes are one of the important mediators of inflammation (97). COX-2
(cyclooxygenase-2) is one of the important isoforms of cyclooxygenase, upregulated
in many cancers, including SCCHN (98, 99). COX-2 has been correlated with VEGF
expression and tumour angiogenesis in SCCHN, and overexpression of COX-2 and
high tumour angiogenesis were linked to shorter survival in head and neck cancer

patients (98).

Various environmental risk factors of cancer are associated with some form of
chronic inflammation, and a well-known example is a betel chewing with areca nut;
and it has been reported that some of the inflammatory cytokines produced by areca
nut can lead to increased cell proliferation, particularly IL-8 that was abundantly
released in both T cells and monocytes (100). Another risk factor tobacco smoke,
which initiates tumorigenesis due to its high carcinogen content but also promotes
tumour growth due to its ability to trigger chronic inflammation (101). Alcohol is
believed to trigger an inflammatory response with the increased production of pro-

inflammatory cytokines and chemokines (102).
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The relationship of SCCHN and inflammation is further evidenced by Toll-like
receptors (TLR), which are a part of the ancient innate immune system, expressed by
SCCHN (43). TLRs are normally expressed on guarding sites such as mucosal
membranes and play an important role in host defence against pathogens. In contrast
to the protective role against infections, TLRs have also been implicated in
tumorigenesis when they are expressed on tumour cells (43, 103). TLRs may have
some protective function, but It has been observed that TLR4 was functionally active
on SCCHN cells and that TLR4 signalling modifies cancer behaviour and its
resistance/sensitivity to immune and drug interventions, contribute to a better

understanding of the role of TLR4 in cancer progression (103).

1.3.9 Evading Immune Destruction

The role of the immune system in suppressing carcinogenesis and the potential to
target immune checkpoints is an area of considerable research activity. Recent work
has demonstrated that many tumours, including SCCHNs, evade immune recognition
by altering the expression of immune effectors such as regulatory cells (CD4*CD25"
FOXP3* regulatory T cells), antigen processing machinery (MHC 1 [major
histocompatibility complex 1], and immune suppressive mediators (TGF-f) (104). In
a majority of the cases, the immune response against tumours is dependent on an
efficient CTL (cytotoxic CD8" T lymphocytes) response, and CTLs recognise
antigenic peptides bound in the cleft of MHC class 1 molecule, which can be further
stimulated to destroy cells expressing peptides for which they are specific (105).
Deficiencies in antigen-presenting mechanisms are observed in cancer cells to evade
the immune system, and loss of HLA (human leukocyte antigen) class 1 expression

has been observed in SCCHN and correlated with tumorigenesis and lymph node
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metastasis (105). Downregulation of interferon-inducible components of the antigen-
presenting mechanisms, including TAP1, TAP2 and Tapasin, have been correlated
with poor prognosis in SCCHN (106). The immune response to SCCHN is also
impaired due to the apoptosis of CD8" T lymphocytes present at the tumour site, and
it has been observed that rapid turnover of T lymphocytes and the loss of CD8" T
cells might be contributing to tumour-related immunosuppression (107). One of the
important cancer immunotherapy treatment is based on PD-1/PD-L1 (programmed
cell death protein-1 / programmed cell death ligand 1) pathway, and evaluating this
pathway is beneficial to our understanding of the biological behaviour of SCCHN
(108). PD-1/PD-L1 axis modulates immune cells and other stromal cells, which has
been proposed as a possible mechanism for creating an immunosuppressive
microenvironment, further facilitating immune evasion and immune resistance
(109). The expression of PD-1/PD-L1 has been observed to be a useful predictor for

nodal metastasis and poor prognosis in SCCHN (108).

1.3.10 Reprogramming energy metabolism

It has been known for nearly 100 years that tumour cells display an altered
metabolism compared to normal cells (110) but, this “Warburg” effect or phenotype
has only relatively recently become a subject for intense investigation leading to
novel ideas about how to therapeutically target tumour metabolism (including efforts
by our own research group focussing on SCCHN) (111, 112). One of the critical
changes observed is an increased dependency upon glycolysis, even in the presence
of oxygen (112) and a concomitant reduction in the levels of oxidative
phosphorylation. The reasons for these adaptations remain uncertain, but it has been

speculated that tumour cells increase glycolysis to reduce the levels of ROS (reactive
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oxygen species) and increase flux through the pentose phosphate pathway to support
ribonucleotide biosynthesis and increased reducing capacity from the synthesis of

glutathione and other reducing molecules (113).

Interestingly, this adaptation appears to be functionally dependent upon p53 activity,
and loss of p53 function has been demonstrated to be a causative event promoting the
“Warburg” tumour cell phenotype. Reprogramming energy metabolism will be

discussed in detail in the following section 1.4.
1.4 Tumour metabolism

1.4.1 Warburg effect

As mentioned above (section 1.3.10), the Warburg effect, namely increased
dependence upon aerobic glycolysis, is one of the most well-studied examples of
reprogrammed tumour metabolism. As long ago as 1927, Otto Warburg identified
that, compared to the healthy tissues, tumours would utilise more glucose and
ferment most of the glucose into lactate, even in the presence of oxygen, and this
altered metabolic pathway is now known as the ‘Warburg effect (110). This
metabolic phenotype is the basis for a tumour imaging technique called PET
(Positron Emission Tomography) using labelled glucose analogues, and it will be

explained in section 1.7.4.

Warburg proposed that the mechanism of oxidative phosphorylation (OXPHOS) is
impaired or damaged in tumour cells when there are increased rates of aerobic
glycolysis (110, 114). A majority of the healthy cells follow the “Crabtree effect”,
which defines that if an increased rate of glycolysis is maintained, then OXPHOS is
reduced, whereas the tumour cells sustain increased rates of both glucose metabolism
and OXPHOS to fulfil the high demand for their anabolic processes (115). However,
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when the cancer cells in the tumour core become hypoxic during the growth of the

tumour, the rates of OXPHOS are reduced while glycolysis is increased (116).
1.4.2 Reprogrammed metabolism in head and neck cancer

SCCHN is heterogeneous in nature, and this molecular heterogeneity hampers
accurate prognostication, treatment planning, and identification of the causative
tumour genes (117). However, it is clear that many of the most commonly mutated
genes in SCCHN, such as TP53, NOTCH1, PTEN, PIK3CA and HRAS, play a
crucial role in shifting the metabolic switch towards aerobic glycolysis (118). TP53
mutations are frequently seen in SCCHN, and the role of p53 in cancer metabolism is
discussed in detail in section 1.5.3. NOTCH1 is the second most commonly mutated
gene in SCCHN, and the hypoactive mutants of NOTCH have been observed to
decrease the activity of the mitochondrial function and also further reduce p53
protein levels, causing a switch to increased glycolysis (119). PTEN is a tumour
suppressor gene, and PTEN elevation has been identified to influence the metabolic
switch by regulating PI3K pathways, and negatively impacted glutaminolysis and the

Warburg effect (120).

PIK3CA plays an essential role in tumour cell growth, survival and metabolism, and
activation of the PI3K pathway in SCCHN involves mutations in PI3K catalytic
subunit, p110a (encoded by PIK3CA gene) (121). Increased Akt signaling due to
mutations in PIK3CA induces Warburg phenotype and enhances the coupling of
glycolysis to the Krebs cycle, which generates intermediates for biosynthetic
pathway and NADH (reduced form of nicotinamide adenine dinucleotide) as the

primary electron donor for oxidative phosphorylation (122).
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Glucose transporter 1 (GLUT1) plays a major role in the transport of glucose in
tumour cells, and increased expression of GLUT1 has been correlated with poor
clinical prognosis in SCCHN (123, 124). GLUT-1 overexpression has been detected
in preneoplastic and malignant tissue, suggesting that changes in GLUT-1 expression

could be an early event during the development of SCCHN (125).

Tumour hypoxia plays an essential role in tumour metabolism, and hypoxia is
another important factor associated with poor prognosis with advanced SCCHN
(126). Hypoxia-inducible factor (HIF)-1a is one of the critical transcription factors
mediating the cellular response to hypoxia, and it was identified that HIF-1a
regulated the expression of GLUT-1 in oral squamous cell carcinoma, thus favouring
enhanced glucose uptake (127). In addition, HIF-1a transcriptionally regulates
hexokinases, lactate dehydrogenase A (LDH A), monocarboxylate transporter 4

(MCT4) and pyruvate dehydrogenase (PDK) (128, 129).

Lactate is generated from aerobic and anaerobic glycolysis, and increased tumour
lactate concentrations have been correlated with the subsequent development of local
or distant metastasis in SCCHN and thus, assessing tumour lactate might be useful
for predicting the development of metastatic failure (130). It has been observed that

elevated tumour lactate levels correlated with radioresistance in solid tumours (131).

Another evidence regarding the importance of metabolism in SCCHN is derived
from studies of fluoro-deoxy-glucose (FDG) in PET imaging (discussed in section
1.7.4) for the diagnosis and staging of primary and recurrent disease (132). The FDG
avidity works on the basis that there is a preferential uptake of a fluorinated glucose
derivative into tumour cells, which will be converted into a non-metabolised

intermediate (132). Since FDG is taken up preferentially by tumour cells, PET
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imaging of FDG is used for diagnosing new SCCHN cases as well as the monitoring
of response to therapy and post-treatment surveillance for recurrence and metastasis

(133).
1.5 p53, a tumour suppressor protein

TP53 is the most frequently mutated gene in human cancers, and TP53 mutations
occur in over 50% of all tumours (134). p53 protein is a transcription factor, and after
activation in response to cellular stress signals, such as DNA damage or oncogenic
stress, there is increased expression of p53 target genes, which are associated with
cell-cycle arrest, senescence, DNA repair or apoptosis depending on the cellular
damage (135). Apart from these well-known functions, it is now evident that the
ability of p53 to influence gene expression has wide-reaching effects, and p53 has a
distinct role in the regulation of glycolysis and autophagy, the repair of genotoxic
damage, cell survival and regulation of oxidative stress, invasion and motility,

angiogenesis, differentiation and bone remodelling (136, 137).

1.5.1 Structure of p53
p53 is encoded by the TP53 tumour suppressor gene located on the short arm of
chromosome 17 (17p13.1), which contains 11 exons spanning 20 kilobases (138).
The p53 protein is made up of 393 amino acids with functional domains, as indicated

in figure 1.4 and is active as a tetramer (139).
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Figure 1:4 Basic structure of p53 protein.
p53 has 393 amino acids, encoded by 11 exons, and has three main functional domains: N-terminal
(Transcriptional activation domain) (TAD), DNA binding domain (DBD), and C-terminal
(Tetramerisation domain). The C-terminal domain is a multifunction domain that includes (1) signal
sequences responsible for the nuclear export (NES) and nuclear localisation (NLS) of TP53, (2) an
oligomerisation (or tetramerisation) domain for the formation of TP53 tetramers, and (3) the C-
terminal regulatory domain (140)

The p53 protein has the following domains; an acidic N-terminus containing a
transactivation domain (TAD) and a proline-rich region, a hydrophobic, central DNA
binding core domain, and a basic C-terminus incorporating oligomerisation and

regulatory domains (140)

The p53 monomer is structurally made up of two regions that are distinct in their
characteristics; one that demonstrates a stable 3D conformation and one that is
unfolded under normal physiological conditions (141). The central DNA-binding
domain and the oligomerisation domains belong to the first group, where they have a
stable 3D shape conformation, whereas the N-terminal and the C-terminal regions

belong to the second group, where they are natively unfolded (141).

1.5.2 Regulation of p53 by MDM2

p53 is a short-lived protein with a reduced half-life ranging from five to thirty
minutes (142), and p53 protein levels are maintained at low, often undetectable,
levels in healthy cells by maintaining a short half-life under normal/unstressed

conditions (143).
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Tight regulation of p53 function is essential for normal cell growth and development,
and one mechanism by which p53 function is controlled is via interaction with a
cellular phosphoprotein called MDM2 protein (144). Human MDM2 has 491 amino
acid residues and gets its name from the MDM2 gene (murine double minute 2),
which was initially identified on double-minute chromosomes of spontaneously

transformed mouse 3T3 fibroblasts (144, 145).

The wild-type p53 positively regulates MDM2 by activating MDM2 gene
expression, and on the other hand, MDMZ2 inhibits the transactivating function of p53
and down-regulates the protein by forming an autoregulatory feedback loop (see
figure 1.5) (146). p53 regulates the MDM2 gene at the level of transcription, and the

MDMZ2 protein regulates p53 at the level of its activity and its stability (146).

Thus, the MDM2 protein is a negative regulator of p53 and functions as the E3
ligase, which ubiquitinates p53 and thus targets it for proteasomal degradation (147).
The levels of MDM2 activity is crucial and depending upon its levels, MDM2 mono-
or poly-ubiquitinates p53 (148). Low levels of MDM2 activity result in
monoubiquitination and nuclear export of p53, whereas high levels of MDM2

promote polyubiquitination of p53 and nuclear degradation (148).
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Degradation ’ Upregulation

Figure 1:5 Auto regulatory loop between p53 and MDMZ2. Stress signals activate p53 which then
upregulates MDM2 gene expression and increases MDM2 protein levels. As an E3 ligase, MDM2
binds to p53 and induces its degradation. By forming an auto-regulatory negative feedback loop, p53
and MDM2 regulate each other (149).

One of the characteristic features of this autoregulatory loop is that p53 and MDM2
levels oscillate, especially in response to stress (150). Stress signals such as gamma
radiation can induce an immediate reduction of MDMZ2, and the resultant low levels
of MDMZ2 increase the p53 protein levels, which can then transcriptionally induce
MDMZ2 expression, and in turn, the induced MDM2 further decreases the levels of

P53 (151).

1.5.3 Role of p53 in regulating glycolysis

p53 negatively regulates glycolysis by modulating glucose transporters and

glycolytic enzymes (152) (see figure 1.6).
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Figure 1:6 The negative regulation of glycolysis by p53. p53 inhibit glycolysis by reducing
metabolic substrate availability via downregulation of glucose transporters and by modulating critical
enzymes in the glycolytic pathway HK-2 (Hexokinase-2), PFK-1 (Phosphofructokinase-1), and PGM
(Phosphoglycerate mutase) (153).

As the first line of defence, p53 prevents the uptake of glucose into the cell by
repressing the expression of glucose transporters GLUT1 and GLUT4 (154). p53
further restricts glucose uptake by limiting the kinase activities of kB kinase alpha
and beta (IKKa and IKKP ), leading to a reduction in NF-xB activity and

subsequently reduced expression of GLUT3 (155).

The glycolytic enzyme phosphoglycerate mutase (PGM) enhances glycolytic flux,
and p53 represses PGM through increased ubiquitylation and proteasomal
degradation (156). TIGAR (TP53 induced glycolysis and apoptosis regulator) is
another p53-inducible protein that down-regulates glycolysis, and since it is a major

focus of this study, it will be discussed in detail in section 1.6.

p53 can modulate glycolysis through its down-regulation of two central cell-growth
pathways, the IGF/AKT-1 and mTOR pathways, that play an essential role in the
regulation of cell proliferation, survival, and energy metabolism (157). During stress,

p53 transcribes a group of negative regulators in these pathways, including IGF-BP3,
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PTEN, TSC2, AMPK B1, and Sestrin 1/2, which reduce the activities of IGF/AKT-1

and mTOR pathways (157, 158).

HIF and p53 are likely to have opposing effects on glycolysis, which is promoted by
HIF-1a and dampened by p53 (159). It is likely that mild hypoxia activates HIF
whereas severe hypoxia induces p53, and these observations suggest that HIF
response is designed to support cells survive mild hypoxia, whereas the p53 response

Is harnessed only under severe hypoxic conditions (160).

1.5.4 p53 mutations in head and neck cancer

TP53 mutation is the most frequently observed genetic alteration in SCCHN, and
TCGA (The Cancer Genome Atlas) has reported a TP53 mutation frequency of over
80% in HPV negative head and neck cancer cases (39). The disruption of the p53
pathway not only occurs through typically missense mutations of the TP53 gene but
also happens through losses of heterozygosity or interaction with viral proteins such

as E6 (161).

Tobacco carcinogens, one of the major risk factors of SCCHN, appear to target p53
mutation, and it has been observed that the frequency of somatic mutations in the p53
gene in smokers was twice as high as that of non-smokers (162). TP53 mutations
appeared to differ between smokers and non-smokers in lung cancer, and the
transversion G:C > T:A was identified as a frequent base change among smokers

who tend to cluster in hotspots, such as codons 157, 158, and 248 (163).

p53 mutations were identified 3.5 times more common among patients who both
smoked cigarettes and drank alcohol than among patients who neither smoked nor

drank (164).
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On the contrary, p53 mutations are inversely associated with HPV infection in the
oropharyngeal subset, which contains the most HPV-positive tumours (165). In a
large series (202 cases) of oropharyngeal cancer, it was identified that HPV-positive
oropharyngeal tumours were less likely to have p53 mutations than HPV-negative
cases (166). Figure 1.7 highlighted the mutational distribution between HPV +ve and
HPV -ve tumours in 279 SCCHN patients who were profiled by ‘The Cancer

Genome Atlas’ (TCGA) (39).
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Figure 1:7 Mutational distributions between HPV +ve and -ve cases. Deregulation of signaling
pathways and transcription factors are shown. The frequency (%) of genetic alterations for HPV (-)
and HPV (+) tumours are shown separately within sub-panels and highlighted. N= 279. Those
predominant in HPV -ve (green boxes) or HPV +ve (orange boxes) subsets are highlighted. Activated
pathways / genes (red), inactivated pathways/genes (blue). (39)
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Introduction

The inverse relationship between HPV status and p53 mutations was further
confirmed by results of ‘updated TCGA analysis’ (Broad Institute data) which
demonstrated the lowest p53 mutation rate (28.6%) in oropharynx tumours compared

to larynx and hypopharynx (83.5%) and tongue and oral cavity (75.6%) (167).

The mechanism of p53 inactivation is different in HPV infected OPSCC cases as
HPV EG6 viral oncoprotein promotes MDMZ2-independent degradation of p53, and it
has been observed that inactivation of p53 by mutations induced by tobacco may not
be functionally equivalent to its degradation by HPV E6 (168). In other words, E6
degradation of p53 protein is not functionally equivalent to a p53 mutation (169). In
HPV infected cases, E6 oncoprotein binds to the cellular protein E6AP, and the
E6/E6AP complex further induces ubiquitination and subsequent proteasomal
degradation of p53 protein (170). The endogenous wild-type p53 in HPV infected
cells can still activate some cellular target genes (171), and there is also an intact

apoptotic response to radiation (172).

In a majority of human cancers, the loss of p53 function occurs mostly through
mutations in p53 itself or perturbations in pathways signaling to p53 (173). Among
p53 mutations, missense mutations are more frequent (73%), leading to amino acid
substitution in the DNA binding domain (174). Other changes include frameshift
insertions and deletions (9%), nonsense mutations (8%), silent mutations (4%), and

splice-site mutations (2%) (174, 175).

In a small subset of SCCHN, HPV infection and p53 mutations sometimes occur
together (176-178). It has been observed that p53 mutations seen in HPV positive
cases were mostly of mutations that do not disrupt DNA binding (169). In a

multicenter prospective study, among the selected SCCHN cases, both HPV 16 +ve
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and HPV -ve cases harboured p53 mutations (25% versus 52%), but disruptive

mutations were only identified in HPV -ve SCCHN cases (169).

p53 alterations appear at the early stages of head and neck tumorigenesis, and it has
been observed that p53 mutations occurred in non-invasive lesions and increased in
frequency with invasive carcinomas (179). No difference was observed in terms of
p53 mutations when comparing primary tumour and nodal metastasis, and it has been
suggested that p53 mutations develop in tumorigenesis before metastasis occurs and
subsequently remain stable in the metastatic phase (180). Based on this observation,
p53 may be considered as a clonal marker not susceptible to change during tumour
metastasis (180). p53 mutations have been observed in all the stages of SCCHN
tumorigenesis, but no mutations were identified in the normal mucosa that was never

exposed to a carcinogen (181).

It is still a matter of debate when considering the prognostic value of p53 mutational
status in patients with SCCHN (161, 182). The result of a large meta-analysis on p53
as a prognostic factor in patients with SCCHN was inconclusive as large
heterogeneity was found across studies in study-level and patient-level
characteristics, making it difficult to determine a clear picture (182). Overexpression
of p53 has been related to poor prognosis in head and neck cancers (183, 184).
Although this finding (p53 levels determined in the absence of p53 genetic
information) is controversial and many studies did not find any relation between
overexpression of p53 alone without mutations and clinical prognosis in SCCHN
(185-188). Even though p53 overexpression in primary tumours is of limited clinical
significance, p53 overexpression in the lymph nodes from supraglottic laryngeal

cancers has been observed to be an independent predictor of regional failure and poor
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prognosis (189). The status of p53 mutations is less controversial than p53
overexpression, and many studies have observed poor prognosis with p53 mutations
in SCCHN (190-193). One of the most significant studies of p53 mutations and the
associated prognosis was a prospective multi-centre study of 420 patients (from all
head and neck sites) for p53 mutations (193). These were functionally classified as
being either disruptive (nonconservative mutation located inside the main DNA-
binding domain (L2-L3 region plus nonsense mutations in any region)) or non-
disruptive (conservative or non-conservative mutation outside the DNA binding
domain) (193). The study results identified an association between p53 mutations
and survival, showing that p53 mutations were associated with reduced overall
survival and disruptive p53 mutations have a stronger correlation with poor survival

compared to non-disruptive p53 mutations (193).
1.6 TIGAR (TP53-induced glycolysis and apoptosis regulator)

1.6.1 TIGAR discovery

p53 regulates many genes, primarily through its function as a sequence-specific
transcriptional regulator (137, 194), and a number of these appear to play an
important role in the p53-mediated regulation of metabolism (112). However, it is
probably correct to state that no p53-regulated gene has a stronger link with
metabolic regulation than TIGAR (112, 195). Jen and Cheung identified genes that
were regulated by p53 in response to ionising radiation by using computational and
molecular techniques, including location analysis (ChlP-on-chip assay) (196). After
examining 489 candidate genes that responded to ionising radiation, they found 38
genes that were p53 targets, some of which were already known to be regulated by
p53 and others that were novel p53 target genes, including C12orf5 (196). Benasaad
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et al. studied the structure and functions of the C12orf5 gene and discovered that it
encodes a fructose-2,6-bisphosphatase and coined the name TIGAR in honour of its

identified functions (197).

1.6.2 Structure of TIGAR

The TIGAR gene is located on chromosome 12p13-3 and has six potential coding
exons and two p53 binding sites (see figure 1.8) (197). Among the two p53 binding
sites, BS2 binds more efficiently with p53, and it has been identified as the

functional p53-binding site (197).

RRRCWWGYYY  RRRCWWGYYY p53 CBS
AGACATGTCC AC AGACTTGICT TIGAR BS2

1 2 3
RRRCWWGYYY ~ RRRCWWGYYY p53 CBS

GGACTAGTCC ACA AAGCAAGTCT TIGAR BSI

45 6

Figure 1:8 Genomic organisation of TIGAR showing the p53 binding sites. Exon/intron
organisation of the genomic structure of human TIGAR, showing two possible sites for p53 binding;
upstream of the first exon (TIGAR BS1) and within the first intron (TIGAR BS2) compared to the
consensus p53 binding site (p53, CBS). R, purine; Y, pyrimidine; W, adenine, or thymine. The
predicted initiation codon (AUG) is also indicated (197).

TIGAR protein consists of 270 amino acids (198). The structure of TIGAR forms a
histidine phosphatase fold that is closely related to the bacterial broad specificity

PhoE phosphatase (199).
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1.6.3 Functions of TIGAR

1.6.3.1. TIGAR acts as a fructose-2,6-bisphosphatase

There are similarities between TIGAR and a glycolytic enzyme known as
phosphofructokinase-2/fructose-2,6-bisphosphatase (PFK-2/FBPase-2), which is a
bi-functional protein with kinase and bisphosphatase domains at the NHz-terminus
and at the COOH-terminus, respectively (200). Out of these two domains, TIGAR
shares similarities only with the bisphosphatase domain of PFK-2/FBPase-2 and is
able to function like fructose-2,6-bisphosphatase (FBPase-2) (197). Thus, TIGAR
acts like a fructose-2,6-bisphosphatase and removes one phosphate from fructose-
2,6- bisphosphate, thereby decreasing the levels of fructose-2,6- bisphosphate with

the resultant enzymatic product of fructose 6 phosphate (200).

Fructose-2,6-bisphosphate  (F-1,6-P2) is a potent allosteric activator of
phosphofructokinase-1 (PFK-1) which catalyses the conversion of fructose-6-
phosphate (F-6-P) to fructose-1,6-bisphosphate (F-1,6-P.), thus helping glycolysis to
progress (figure 1.9) (200). Therefore, by reducing the levels of fructose-2,6-
bisphosphate, TIGAR lowers the activity of PFK-1 and further inhibits glycolysis.
Thus, TIGAR expression dampens the glycolytic pathway, and a number of
consequences can be predicted after the activation of TIGAR, which are; the
gluconeogenesis rate increases, surplus fructose-6-phosphate, is transformed back to
glucose-6-phosphate, and excess glucose-6-phosphate enters into PPP (pentose

phosphate pathway) and alters the production of ROS (200).
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Figure 1:9 Inhibition of Glycolysis by TIGAR. TIGAR acts like FBPase-2 and reduces the levels of
fructose-2,6-bisphosphate, which is a potent allosteric activator of phosphofructokinase-1 (PFK-1).
PFK-1 catalyse the conversion of fructose-6-phosphate to fructose-1,6-bisphosphate and, in doing so,
drives glycolysis. By lowering fructose-1,6-bisphosphate levels, TIGAR reduces the activity of PFK-1
and decreases glycolytic flux downstream of this point (200).
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1.6.3.2 Antioxidant activities of TIGAR

Reactive oxygen species (ROS) are generated endogenously from the normal cell

metabolism, in particular from the mitochondrial oxidative phosphorylation, or they

may arise from interactions with exogenous sources such as xenobiotic compounds

(201). ROS act as signaling molecules that are involved in various mechanisms

regulating cell proliferation, senescence, apoptosis, necrosis and autophagy (202,

203).

TIGAR reduces the production of ROS through the pentose phosphate pathway in

the following manner; when TIGAR inhibits glycolysis, the intermediate products of

the metabolic reactions are diverted to alternate pathways like the hexosamine

pathway to promote glycosylation and to the pentose phosphate pathway (both

oxidative and non-oxidative pathways) (see figure 1.10) (200).
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Figure 1:10 Pentose phosphate pathway (PPP). The oxidative and non-oxidative pathways of PPP
produces reducing equivalents in the form of nicotinamide adenine dinucleotide phosphate (NADPH)

and ribose-5-phosphate (R5P) (204).
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In the oxidative arm of PPP, the enzyme G6PD (glucose-6-phosphate
dehydrogenase) oxidises G6P (glucose 6-phosphate) and produces NADPH and
ribose-5-phosphate (R5P) (204). In the non-oxidative arm, glyceraldehyde-3-
phosphate and fructose-6-phosphate, which are the intermediates of glycolysis, are
converted to R5P (204). As both pathways are reversible, whenever the cell needs
more reducing power (in the form of NADPH), R5P can be converted back to
fructose-6-phosphate and glyceraldehyde-3-phosphate by transketolase producing
more NADPH (204). Thus NADPH is important, as it provides the reducing power
that fuels the antioxidant mechanisms and recycles oxidised glutathione (205).
NADPH reduces the oxidised form of glutathione to the sulfhydryl (reduced) form of
glutathione. Thus, by increasing the production of NADPH, TIGAR contributes to
the scavenging of ROS and lowers the sensitivity of cells to oxidative stress-

associated apoptosis (197).

TIGAR, apart from contributing to anti-oxidant function via an intrinsic FBPase-2
activity, also contributes to reducing ROS as a result of an interaction with
Hexokinase-2 (HK-2) as described below. During hypoxia, a fraction of TIGAR is
transported to mitochondria where it binds to HK-2, and this results in increased HK-
2 activity, which lowers mitochondrial membrane potential, leading to reduced
oxphos, with a concomitant decrease in ROS (206). It has been observed that the
translocation of TIGAR to the mitochondria and subsequent binding to HK-2
depends on the availability of glucose (206). Thus, TIGAR maintains cell survival

via HK-2 during hypoxia.
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1.6.3.3 Physiological functions of TIGAR

To study the effects of the role of TIGAR in various physiological functions, Cheung
et al. developed and analysed Tigar deficient mice (207). Their study identified that
TIGAR played an essential role in tissue regeneration and that lack of TIGAR
resulted in a failure to repair damaged intestinal epithelium (207). After the whole-
body radiation, the intestinal crypts of TIGAR knockout mice were acutely apoptotic
and had difficulty in regenerating themselves compared with those of wild-type

animals (207).

TIGAR plays a role in cardiac myocyte energy metabolism, and it has been observed
that TIGAR was able to inhibit glycolysis and energy metabolism in hypoxic
myocytes and inhibition of the p53/TIGAR system reduced hypoxia-induced

apoptotic cell death (208).

Modulating p53 and TIGAR proteins may become a novel strategy for cardiac
myocyte energy maintenance and a potential therapeutic approach for ischemic heart
diseases (208). Maintenance of mitochondrial integrity by promoting mitophagy is
essential for cardiac protection against ischemic injury, and it has been observed that
p53-dependent upregulation of TIGAR attenuated cardiac myocytes mitophagy to
cause accumulation of damaged mitochondria and further causing apoptosis (209).
The damaging effects of cardiac myocytes were reversed by deletion of either

TIGAR or p53 gene (209).

In contrary to TIGAR effects on cardiac myocytes (208, 209), upregulation of
TIGAR exerts potent neuroprotection (210). TIGAR plays a protective role in
ischemia/reperfusion-induced brain injury, and it was observed that there was a quick

upregulation of TIGAR in response to ischemia/reperfusion damage, and TIGAR
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expression was positively linked with the elevation of NADPH and negatively
correlated with reactive oxygen species in the ischemic brain (210). TIGAR levels
have been investigated in the mouse brain, and it was high in the embryonic stage,
dropped at birth and partially recovered in the early postnatal period, and then
continued to reduce to a lower level in early adult and aged mice (211). These results
suggested that TIGAR expression changes during brain development and TIGAR
expression levels might be correlated with the vulnerability of neurons to ischemic
injury (211). It was observed that, upregulation of TIGAR in response to
ischemia/reperfusion insult in the brain was not regulated by glucose but regulated
by reactive oxygen species and hormones that regulate blood glucose such as
adrenaline, glucagon, hydrocortisone, and insulin (212). In summary, TIGAR
supports rapid proliferation in the adult intestinal epithelium, plays a neuroprotective
role in brain ischemia and also exhibits a crucial role in cardiac myocyte energy

maintenance by regulating glycolysis.

1.6.3.4 Role of TIGAR in autophagy

Apoptosis and autophagy are two self-destructive processes, where apoptosis can be
described in simple terms as ‘self-killing’ and autophagy can be described as ‘self-
eating’ (213). Autophagy is an intracellular catabolic process that happens under
stressful situations like organelle damage, the presence of abnormal (misfolded)
proteins, and nutrient deprivation (214). In many cancers, the modulation of
autophagy plays dual roles in tumour promotion and also tumour suppression (see
figure 1.11) (214). Elevation of autophagic activity is seen in most chemotherapeutic

treatment, and cancer cells use this as a protective strategy to avoid being entirely
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killed by chemotherapy drugs (215). This strategy provides tumour cells with a pro-

survival ability and renders them resistant to anticancer drugs (216).

/ Stressful conditions \
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* Inhibits tumor growth.
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Figure 1:11 A schematic diagram of the dual roles of autophagy in cancer cells. Autophagy plays
dual roles in tumour promotion and suppression and contributes to cancer-cell development and
proliferation (214).

It has been observed that TIGAR could modulate ROS levels in response to nutrient
starvation or metabolic stress, thereby inhibiting autophagy (217). This ability of
modulating ROS exerts profound efforts on autophagy, and it has been demonstrated
that the loss of TIGAR significantly increased the autophagy, even in otherwise
unstressed cells (217). The mechanism of limiting autophagy through ROS
regulation by TIGAR has been observed to be independent of p53 and mTOR
pathways (217). To study the effects of TIGAR on autophagy, TIGAR silencing was
induced in cancer cell lines (A549 [lung] and HepG2 [liver]) and tested with
epirubicin (a DNA-damaging anticancer agent) (216). It has been observed that there
was a slight increase in autophagic activity after TIGAR knockdown, but there was a
noticeable increase in epirubicin-induced autophagy activation (216). This study also

identified that the autophagy induced by TIGAR knockdown resulted in the elevation
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of ROS and inhibition of mTOR and further proposed that TIGAR plays a dual role
in cancer survival, with one favourable effect through ROS reduction and another

unfavourable effect due to reduction of autophagic activity (216).

1.7 Hexokinase 2

One of the essential cancer hallmarks is the “deregulation of cellular energetics”,
with the ‘Warburg effect’ being a common adaptation (42). Our primary aim was to
investigate the role of critical genes that are involved in cellular metabolism in
SCCHN, and because of the important role of p53 in SCCHN, we investigated p53
in our studies. We included TIGAR in our analysis because TIGAR is a major p53
regulated gene known to play essential roles in metabolic regulation, in part, by
acting enzymatically as a Fructose 2,6, bisphosphatase. There is good evidence from
the literature that TIGAR also interacts with another critical metabolic enzyme: HK-
2 (Hexokinase — 2), and though this appears to also impact cellular metabolism, by a
mechanism that is independent of the phosphatase activity of TIGAR. We, therefore,
decided that it would be important to include an investigation of the expression of

HK-2 in SCCHN as part of our studies.

1.7.1 Isoforms of hexokinase

There are four isoforms of hexokinase, denoted as HK-1-4, and the type 4 isozyme is
also known as ‘glucokinase’ (218). Primary sequence analysis revealed that each of
the genes has arisen through duplication, and since three of them have two HK-4 like
domains, it is most likely that one of them was duplicated both to a new location and
then internally duplicated and that this copy with two “domains” was then further

duplicated to two different locations resulting in all four alleles/isozymes (219, 220).
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This explains the molecular mass of each hexokinase, which is closer to 100 kDa,

whereas the molecular mass of glucokinase (HK-4) is approximately 50 kDa (221).

The HK-2 has a catalytic function in both of their N- and C-terminal halves, whereas

HK-1 and HK-3 have the catalytic function mainly in the C-terminal half (see figure

1.12) (218).
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Figure 1:12 Hexokinase subtypes. As a result of a duplication event, HK-1, 2 and 3 have
duplications of an ancestral kinase domain, but in the case of HK-1 and HK-3, only the carboxy-
terminal domain has catalytic activity, whereas HK-2 has catalytic activity in both domains. HK-4 has
only one domain (222).

HK-1, HK-2, and HK-3 are high-affinity isoforms (each has Km values in the
micromolar range), and one of the essential regulatory features of these hexokinases
is the susceptibility to inhibition by its own product glucose-6-phosphate (G6P),
providing a feedback inhibition mechanism (218). Glucokinase is a low-affinity

isoform, and it is not inhibited by glucose-6-phosphate (223).

HK-1 is constitutively expressed in most mammalian adult tissues but predominantly
expressed in the brain and kidney (223, 224). HK-2 is abundantly expressed in
embryonic tissues; however, it is seen mainly in a limited number of adult tissues
where they express more sensitivity to insulin such as adipose, cardiac and skeletal
muscle (223, 225). HK-3 is expressed ubiquitously in all tissues but is usually

expressed at low levels (224). Glucokinase, HK-4, is localised primarily to the liver
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and pancreas (222, 226). There is a switch-over of expression from HK-4 to HK-2
during the tumour development in the liver, and this change is one of the original

adaptations observed in the tumorigenesis in the liver and pancreatic tissues (227).

1.7.2 Role of hexokinases in metabolism

Hexokinases catalyse the initial step of glucose metabolism, phosphorylating glucose
to glucose-6-phosphate (G6P) (228). Glucose-6-phosphate functions as a precursor
for many metabolic pathways, including glycolysis (ATP), pentose phosphate
pathway (NADPH and ribulose-5-P), glycogenesis (glycogen) and hexosamine
biosynthetic pathway (UDP-GIcNAC) (218, 226, 229). Thus, hexokinases play an

essential role in regulating anabolic and catabolic pathways (see figure 1.13) (222).
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Figure 1:13 Metabolic role of hexokinase. Hexokinase has a diverse role on metabolism by
producing more G6P, which serves as a precursor for glycolysis, PPP, glycogenesis and hexosamine
biosynthetic pathway (222)

It has been observed that significant quantities of HK-1 and HK-2 were able to bind
to the outer mitochondrial membrane via a mitochondrial binding motif in the
hydrophobic N-terminus (230, 231). HK-2 binds to a voltage-dependent anion

channel (VDAC), which is an outer mitochondrial membrane protein, forming a
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contact between the inner and outer mitochondrial membranes (226, 232). The
mitochondrial bound hexokinases facilitate the coupling between glycolysis and
oxidative phosphorylation through preferential access to ATP produced by the
mitochondria (233). The mitochondrial hexokinase catalytic activity generates ADP,
which will be shuttled back into the mitochondria for rephosphorylation providing

metabolic advantage (233).

HK-1 and HK-2 have overlapping tissue expression but different subcellular
locations, as HK-1 is mainly associated with mitochondria and HK-2 associated with
both mitochondria and cytoplasm (234). HK-1 (“the brain HK”) is present
ubiquitously in most tissues, especially in brain and red blood cells, whereas HK-2
(“the muscle HK”) is found mainly in insulin-Sensitive tissues such as adipocytes and
adult skeletal and cardiac muscle (235, 236). It has been observed that HK-2 and its
mitochondrial binding negatively regulate cardiac hypertrophy by reducing ROS
production through mitochondrial permeability (237). In response to changes in the
glucose levels, the subcellular translocation of HK-2 decides the metabolic fate of
glucose and directs it between catabolic (glycolysis) and anabolic (glycogen
synthesis and pentose phosphate shunt) uses, whereas HK-1 remains within the

mitochondria to promote glycolysis (234).

1.7.3 Role of HK-2 in the Warburg effect

The Warburg effect describes a phenotype in cancers in which cancerous tissues and
cells depend less on the mitochondrial electron transport chain than in normal cells
and obtain as much as 50% of their ATP by metabolising glucose directly to lactic
acid, even in the presence of oxygen. It has been suggested that HK-2 may be the

most critical glycolytic enzyme involved in promoting the Warburg effect (229).
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The functions of HK-2 rely on a number of cellular proteins, namely Glut
transporters (glucose transporters which are located on the plasma membrane
transport glucose into the cell), VDAC (voltage-dependent anion channel), ATP

synthase, and the adenine nucleotide translocator (see figure 1.14) (227).
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Figure 1:14 HK-2 and its main partners for cancer promotion. Glucose transporters (1) transport
glucose across the plasma membrane, and glucose is quickly phosphorylated by HK-2 (5), which is
bound to a voltage-dependent anion channel (VDAC) (4) located on the outer mitochondrial
membrane. ATP synthase (2) generates ATP, which is then transported across the inner-mitochondrial
membrane by the adenine nucleotide translocator (3). G6P is rapidly distributed across important
metabolic routes like PPP or gets converted into pyruvate and lactic acid. Lactate transporters (6)
transport lactic acid out of the cell, which will make the environment unfavourable for surrounding
healthy cells. Some pyruvate is directed to mitochondria via the pyruvate transporter (7) to provide
substrates for the TCA cycle. The generated Citrate exits the mitochondria via the citrate transporter
(8) (227).

43



Introduction

Glucose is the first substrate of HK-2, and HK-2 catalyses the phosphorylation of
glucose into G6P (227). HK-2 binds to VDAC, which is present in the outer
mitochondrial membrane (232). VDAC is responsible for regulating the routine
metabolites exchange essential for mitochondrial function across the outer
mitochondrial membrane and into the intermembrane space, where they are then
accessible to the specific inner mitochondrial membrane transport mechanisms
responsible for their uptake into the matrix (238). HK-2 is free from G6P inhibition
because of its binding with mitochondria so that it can continue to produce G6P,
which is important for the biosynthesis of many cellular building blocks (239). ATP
synthase is an inner mitochondrial membrane protein and produces ATP, the second
substrate of hexokinases, and the generated ATP has to be transported to the outer
mitochondrial membrane and this transport is facilitated by an adenine nucleotide
translocator (227) (see figure 1.14). The adenine nucleotide translocator carries the
ATP across to the VDAC- HK-2 complex, and the outcome of the interactions
among these groups of proteins is the efficient and increased generation of glucose-

6-phosphate (221).

To maintain the high levels of glycolysis that occur in cancer cells and to keep up
their proliferative potential, the glucose-6-phosphate quickly distributes across two
metabolic pathways; (1) glucose-6-phosphate enters into PPP for the biosynthesis of
nucleic acid precursors (2) conversion of the glucose-6-phosphate into pyruvate and
lactic acid via glycolysis (221). Most of the pyruvic acid is reduced to lactic acid and
carried out of the cancer cells via lactate transporters (in particular the
monocarboxylate transporters such as MCT1 (240)), and some pyruvate is

transported to mitochondria via the pyruvate transporter (227).
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1.7.4 PET scanning is based on the ‘Warburg effect’

The Warburg effect is a common phenotype of tumour cells, and a commonly used
diagnostic tool known as positron emission tomography (PET) has been based on a

key property of this phenotype (229).

PET imaging is based on the use of a radioactively traceable modified form of
glucose (2-deoxy-D-glucose) (2DG), labelled with the positron emitter ®F (*¥FDG,
18F fluorodeoxyglucose, or 2-deoxy-2-[F-18]fluoroglucose) (229). The “deoxy”
analogue of glucose can be phosphorylated by hexokinase to yield 2-deoxyglucose-
6-phosphate (2-DG6P), but this cannot be metabolised further (241). 8FDG,
therefore, accumulates inside the cells and can be detected by PET (see figure 1.15)
(221) (242). The tumour cells, which utilise more glucose than their normal cells of

origin, are commonly called “PET-positive” (229).
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Figure 1:15 PET scanning based on radioactive glucose analogue uptake by tumour cells. Use of
radiolabelled 2-deoxyglucose that is taken up by cancer cells and phosphorylated by HK-2 to give 2-
deoxyglucose-6-phosphate (2-DG6P), which is not further metabolised (229)

PET scanning is used worldwide for diagnosis, staging, and follow-up of various

malignancies (243).
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1.7.5 Genetic and epigenetic events related to HK-2 in cancer

promotion

The respective hexokinase isoforms and the associated transporter isoforms like
HKs, Gluts, VDACs or adenine nucleotide transporters are implicated in the
upregulation of glycolysis in malignant tumours, and they are all encoded at different
chromosomal loci (227). None of the above-mentioned protein isoforms appears to
result  from  alternative  exon  splicing events or  chromosomal
rearrangements/deletions, which suggest that genetic (e.g., gene duplication) and/or
epigenetic (e.g., demethylation) events may play a role in activating these genes of
interest, in particular, HK-2 that is ‘switched-on during cancer development and

progression (see figure 1.16) (227).
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Figure 1:16 HK-2 in tumour promotion. During cancer development, where HK-2 is not present,
the first demethylation may bring the gene out of its hibernation and amplify 5-10-fold. Following that
amplification, the promoter of the gene, which is activated by HIF-1, p53, glucose, and by both insulin
and glucagon, further supports the tumour’s requirements by a continuous supply of the gene product
(227)
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1.7.6 Regulation of HK-2 by AKT/mTOR pathway

The correlation between AKT activity and HK-2 expression is supported by the fact
that AKT transcriptionally regulates HK-2 (see figure 1.17) (222). This AKT
mediated regulation of HK-2 is further evidenced by the inhibition of PI3K (an
upstream kinase of AKT) and mTORC1, which decreases HK-2 expression during
the insulin treatment, suggesting AKT /mTORC1 contribution for HK-2 activity
(244, 245). Hypoxia-inducible factor la (HIF-lo) has also been linked to
AKT/mTOR activation and HK-2 expression, and it has been observed that HK-2
promoter has a consensus motif for HIF-1a and therefore HK-2 expression is
increased by hypoxia, providing cellular protection as well as a mechanism for

increased glycolysis in tumours (246-248).

Growth Factors, Cytokines, etc.

Regulation of transcription
Migration
Angiogenesis
@ Cell growth
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Apoptosis
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@ Mitochondrial translocation

mTOR HKII <— C-Myc, p33, HIF-1
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Figure 1:17 HK-2 on PI3K /AKT pathway. Activation of AKT by growth factors and PI3K leads to
translocation of HK-2 to the mitochondrial outer membrane. Mitochondrial-bound HK-2 is crucial for
energy supply as a form of ATP. Excessive ATP production inactivates AMPK, but AKT is activated
through mTOR signalling. (+; Activation, -; Inactivation) (249)
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1.7.7 Anti-apoptotic role of HK-2

Signaling by AKT contributes to cell survival in a number of ways. One of these is
through promoting mitochondrial translocation of HK-2 so that it interacts with
VDAC (227). In glucose metabolism, the translocation of cytosolic HK-2 to the outer

membrane of the mitochondria is essential for effective anti-apoptotic activity (249).

AKT is well known to be a potent effector of antiapoptotic stimuli in tumours, which
are modulated by two mechanisms; first, increasing the binding affinity of
hexokinase-VDAC, which will further enhance the mitochondrial-bound HK fraction
and the second one is the mobilisation of the antiapoptotic Bcl2 member Bcl-X. to
VDAC in the outer mitochondrial membrane (250, 251). By increasing the affinity of
VDACs with HK-2 and by persistent channelling of adenine nucleotides, the opening
of mitochondrial permeability transition pore complex (MPTP) is inhibited, which in
turn inhibits access of VDACs to Bax and Bad and retains the cytochrome c in the

intermembrane space, and in doing so inhibiting apoptosis (227).

1.7.8 HK-2 relative to other hexokinases (1,3,4) in cancers

It has been observed that in contrast to other hexokinase isoforms, HK-2 shows 100-
fold amplification in tumorigenesis (227). However, in SCCHN, HK2 is not listed as
a differentially expressed gene, nor is it listed as an amplified gene in a recent TCGA
analysis (252). The possible reasons for why HK-2 is preferentially increased in

tumorigenesis compared to other hexokinases are:

o HK-1 is constitutively expressed in most normal tissues, whereas HK-2 is the

principal inducible isoform (226)

48



Introduction

HK-1 has a single catalytic domain in its carboxy-terminus, whereas HK-2

has two active catalytic domains in its amino and carboxy-terminals (223)

HK-2 promoter’s sequence analysis has identified well-defined cis-elements
for transcription initiation (TATA box and CAAT elements) and cis-elements
for activation by protein kinase-A (PKA) and protein kinase-C (PKC/RAS)
pathways (253, 254). This promoter sequence is absent in HK-1, which
explains the predominant expression of HK-2 in cancerous cells that
displayed increased glycolytic phenotype (227). The main regulatory activity
of HK-2 resides in the narrow segment (-281 to -35 bp) within the proximal

region of its promoter (254).

During tumorigenesis, the tissues that usually express HK-4 often display
increased expression of HK-2 and also down-regulation of HK-4 (255). The
switch from a lower affinity hexokinase subtype (HK-4) to a higher affinity
subtype like HK-2 likely helps the increased energy demand in tumour cells
and coincides with the onset of rapid proliferation and a switch to aerobic

glycolysis of the tumour cells (222, 254).

In summary, the mitochondrial-bound HK-2 is now recognised as a key player not
only for maintaining a high glycolytic rate in cancer, but also it has been shown to be
crucial for tumour survival. TIGAR is one of the target genes of p53 and acts as a
glycolytic inhibitor in a p53 dependent pathway. In tumorigenesis, loss of p53
function and elevation of TIGAR and HK-2 expression contributes to a pro-survival

state of cancer cells.
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2. Materials and methods

2.1 List of reagents

2.1.1 Tissue culture reagents

Reagent or product

Dulbecco’s modified Eagle’s medium
(high glucose) (DMEM)
Dulbecco’s phosphate-buffered Saline (PBS)

Fetal bovine serum (FBS)
L-glutamine solution 200mM

Penicillin-streptomycin (P0781-100ML)
Trypsin-EDTA solution (1x)

2.1.2 Reagents used in IHC

Wash buffer (pH 7.6)

Antibody diluent

Hydrogen peroxide block (Abcam kit)
Peroxide blocking reagent (Dako Kit)
Protein block (Abcam Kit)

Rabbit specific HRP conjugate
Rabbit LINKER (GV80911-2)

DAB plus chromogen

Mayer’s Hematoxylin

Acid alcohol

Ammonia solution

Xylene

Manufacturer

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Agilent

Dako UK Ltd
Abcam

Dako UK Ltd
Abcam

Abcam

Dako UK Ltd
Abcam

VWR Chemicals
VWR Chemicals
VWR Chemicals

VWR Chemicals
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Aquatex™ aqueous mountant Merck Chemicals Ltd,
Nottingham, UK

2.1.3 Reagents used in western blot

(Unless otherwise indicated, all solutions were prepared using Milli-Q >18MQcm™

water)

Ammonium persulfate (APS) Sigma-Aldrich

BSA solution, fatty acid-free (10%) Sigma-Aldrich

Blotting grade blocker, non-fat dry milk Bio-Rad

Ethanol, absolute Sigma-Aldrich

Glycerol Sigma-Aldrich

Glycine Thermo Fischer Scientific
Methanol, analytical grade Thermo Fischer Scientific
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich

Ponceau S 0.2% (w/v) Sigma-AldrichSodium
dodecyl sulphate (SDS) Thermo Fisher Scientific
Tetramethylethylenediamine (TEMED) VWR

Tris base Calbiochem

Tween-20 Sigma-Aldrich
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2.1.4 Antibodies for western blotting

Primary antibodies

The following primary antibodies were diluted from stock in 5% blotting grade milk-

PBS-Tween solution at the indicated concentrations:
For p53

OP43 — Anti-p53 (Ab-6) (Pantropic) mouse Sigma-Aldrich

monoclonal antibody (DO-1)

(final concentration of 3 pg/ml)

(Anti-p53 mouse monoclonal (DO-1) antibody (Calbiochem) was used in the initial

experiments)

For TIGAR
SC - 166290 TIGAR antibody (E-2) mouse monoclonal Santa Cruz Biotech

(final concentration of 3 pg/ml)

(T8828 - monoclonal anti-TIGAR antibody (Sigma-Aldrich) and AB10545 - purified

rabbit polyclonal (Millipore UK Ltd) were used in the initial experiments)

For Hexokinase-2
Mouse monoclonal HK2 (B-8) Santa Cruz Biotech

(final concentration of 3 pg/ml)

For Actin
C-2 mouse monoclonal antibody Santa Cruz Biotech

(final concentration of 3 pug/ml)
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For Vinculin
A-vinculin (V9131), mouse monoclonal antibody Sigma-Aldrich

(final dilution of 1:100 000)
Secondary antibodies

The following secondary antibodies were diluted from stock in 5% (w/v) blotting

grade milk-PBS-Tween solution at the indicated concentrations:

RPN4201 — Sheep a-mouse antibody, used at a 1:2500 dilution (supplied by GE

Healthcare)

NA934 — Donkey a-rabbit antibody, used at a 1:5000 dilution (supplied by GE

Healthcare)

2.1.5 Antibodies for Immunohistochemistry

Primary antibodies

For p53

SC-47698 — p53 (DO-7) mouse monoclonal Antibody Santa Cruz Biotech
For TIGAR

AB10545 - purified rabbit polyclonal — 100 ug Millipore UK Ltd

(We tried monoclonal anti-TIGAR (T8828) antibody from Sigma-Aldrich for the

initial optimisation staining)

For Hexokinase-2
NBP2-02272 — Mouse monoclonal HK - 2 antibody Novus Biologicals
(We tried 2867S - Rabbit monoclonal HK-2 (C64G5) antibody (Cell signalling) for

the initial optimisation staining)
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Secondary antibodies
For Mouse monoclonal — Horseradish peroxidase (HRP) (DAKO)

For Rabbit polyclonal — Rabbit specific HRP conjugate (Abcam)

2.2 Cell culture

2.2.1 Cell Lines

Immortalised cell lines derived from head and neck tumours are an invaluable tool
for researchers investigating detailed molecular, biochemical, genetic, and
immunological properties of SCCHN (256). Thomas E Carey and his team from the
University of Michigan established hundreds of new SCCHN cell lines in the 1980s
and subsequently, which were developed from patients with tumours of various sites
in the head and neck region (257). We used a selection of these parental cell lines,
which are named ‘University of Michigan - squamous cell carcinoma (UM-SCC) cell
lines, and which were kindly provided by Professor T. Carey (University of
Michigan Medical School). Table 2.1 details the parental cell lines used in this study,

including the details of SCCHN subsite of origin, type of lesion, and TP53 status.

Table 2-1 Parental cell lines

CELL LINES | SEX | ANATOMICAL TYPE OF TNM TP53 PRIMARY
SITE OF LESION STAGE MUTATION REFERENCE
ORIGIN
UM-SCC-1 M Floor of mouth Primary T2NOMO Mutant:  splice | (256-258)
site
(p53-null)
UM-SCC-5 M Supraglottis Primary T2N1MO Mutant: V157F | (256, 257, 259)
UM-SCC-10A M True vocal cord Primary T3NOMO Mutant: G245C | (257-260)
UM-SCC-11A M Supraglottis Primary T2N2aMO0 Wild-type (257, 258, 261)
UM-SCC-11B M Supraglottis Primary T2N2aMO0 Mutant: C242S (256-258, 261)
UM-SCC-17A F Supraglottis Primary T1INOMO Wild-type (256-260)
UM-SCC-17as F Supraglottis Primary TINOMO Wild-type (256, 257, 259,
260)
UM-SCC-81B M Tonsil Metachronous T2NOMO Mutant: H1I93R | (256, 257, 259,
primary 261, 262)
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The secondary cell lines used were derived from UM-SCC-1 and UM-SCC-17A,
obtained through collaboration with Professor J. Myers (University of Texas, MD
Anderson Cancer Center, TX, USA). UM-SCC-1 cell lines were transduced with
various TP53 mutations (R282W, C176F, R175H), wild-type TP53, and an empty
vector to act as a reference (PBABE). UM-SCC-17A cells stably expressing short-
hairpin RNA (shRNA) specific for p53 (shp53) from a lentiviral construct or empty

vector control (lenti) were also obtained from Professor Myers.

Table 2.2 shows the secondary cell lines and their p53 status.

Table 2-2 Secondary cell lines

Secondary cell lines p53 status

UM-SCC-1- pBABE (p53-null) transduced with empty vector control
(LOF)

UM-SCC-1-wtp53 p53 null parental cell line transduced with wild-
type p53 (transduced with lentivirus expressing
p53)

UM-SCC-1-R175H mutant p53 (DNA, GOF)

UM-SCC-1-R282W mutant p53 (DNA, GOF)

UM-SCC-1-C176F mutant p53 (DNA, GOF)

UM-SCC-17A shp53 p53 wild-type parental line expressing a short
hairpin RNA for p53 (shp53) such that p53
expression is reduced (knocked-down)

UM-SCC-17A lenti wild-type p53 containing the same lentiviral
backbone vector used to generate UM-SCC-
17A shp53

(LOF=Loss Of Function; DNA=Dominant-Negative Activity; GOF=Gain Of Function)

All the cell lines were HPV negative.

55



Materials and methods

2.2.2 Cell medium and growth environment

Cell lines were grown in Nunc™ cell culture treated flasks (size — T75) with filter
caps (Thermo Fisher Scientific) in a humidified cell incubator at 37° C in an
atmosphere containing 5% CO2. All cell lines were maintained in Dulbecco’s
Modified Eagle’s Medium (cDMEM) containing 10% (v/v) FBS, 1% (v/v)
penicillin/streptomycin, 1% (w/v) L-glutamine, and non-essential amino acids
(100X). The identity of all the cell lines was established using STR profiling
performed as a service by staff in the Department of Molecular and Clinical Cancer
Medicine. All the cell cultures were free of Mycoplasma species as determined by
PCR, again provided as a service by staff in the Department and were maintained for

no longer than 12 weeks after recovery from liquid nitrogen storage.

2.2.3 Cell subculture technique

Standard microbiological aseptic technique was performed at all times in order to

avoid contamination, and tissue culture work was carried out in a class II laminar

flow tissue culture cabinet. All the cell lines grew as adherent monolayers on cell
culture treated surfaces. If the cells reach maximum confluence in culture, then death
can result from overcrowding and the related stress, so regular sub-culture or passage
of cells was performed to ensure that the cells were maintained at sub-confluent

densities.
When the cells reach 70-90% confluence, cells were passaged as follows;

1. Prior to passaging the cells, first, switch on the UV light in the class 1I

laminar flow tissue culture cabinet for 15 minutes. After the UV light has
been turned off, remove the night door and clean the internal hood surfaces

with ethanol
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2. Aspirate the media from the T75 tissue culture flask, and the cell monolayer
was washed once in 10 ml of PBS

3. Aspirate the PBS and add 3-5 ml of trypsin-EDTA to the monolayer and
return the T75 flask to the cell incubator at 37°C

4. Trypsinisation time varies depending on the cell lines but is typically between
5 to 15 minutes

5. The flask was agitated in order to facilitate the detachment of cells, which
was regularly assessed by examination under a phase-contrast microscope

6. After adequate detachment of cells, the trypsin-EDTA was neutralised by the
addition of an excess of complete media, (i.e. media containing FBS), the
precise volume of which was dependent on the ratio of the cell split, which,
in turn, was dependent on the growth characteristics of the individual cell
line. Relatively slow-growing cell lines were typically split 1:10, and more
quickly proliferating cell lines were typically split 1:20

7. The re-suspended cells with the media were aspirated, leaving the required
volume of the trypsinized cells in the flask

8. Add 24 ml of fresh media to typically make 25 ml for a T75 flask and place it

in the incubator

2.2.4 Storage of cells in Liquid Nitrogen (cryopreservation) and
recovery

Cells were harvested by trypsinisation as described above (section 2.2.3) and pelleted

by centrifugation at 300 x g for five minutes at 4°C. The resulting supernatant was

aspirated, and the remaining cell pellet was resuspended in 1-2 ml of freezing media

(10% (v/v) DMSO in FBS) and then transferred to Nunk™ cryovials (Thermo Fisher

Scientific). For gradual freezing of cells, the cryovials were placed in a pre-cooled
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Styrofoam rack and stored at -80°C, and after approximately 24-48 hours, the

cryovials were transferred to liquid nitrogen for long-term storage.

In order to recover the cells from stocks stored in liquid nitrogen, cryovials were
thawed expediently in a 37°C water bath. The DMSO in the freezing media is toxic
to cells at concentrations above 0.5%, and the cells were resuspended in a tissue flask
containing at least 25 ml of fresh media that was pre-warmed to 37°C. Once the cells
had adhered to the surface of the flask, typically the following day, the media was

changed.
2.3 Western blotting

2.3.1 Selection of cell lines

We used the University of Michigan - squamous cell carcinoma (UM-SCC) cell lines
to evaluate the expression of p53, TIGAR and HK-2. The parental and the secondary
cell lines which we used for the study were all HPV negative and have been
discussed in section 2.2.1. The advantage of these cell lines is that some are isogenic,
differing only in the expression of wild type p53, mutant p53 or being null or
expressing low levels of down-regulated (knocked-down) wild-type p53, so that we
can compare within the same genetic background, the effect of p53 status on cellular

processes including levels of gene expression.

For the main experiment, we used two groups of cell lines; group 1 contained UM
SCC 1 as the parental cell line and its secondary cell lines, and group 2 contained
UM SCC 17A as the parental cell line and its secondary cell lines. Since we had only
three cell lines in the second group, we added UM SCC 11 A and B to the second

group. In this way, we could analyse six cell lines in each group.
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Table 2.3 shows the two groups of cell lines that we used in our analysis.

Table 2-3 Cell lines analysed*

Group 1 Group 2

Parental cell line — UM Parental cell line — UM SCC 17A Additional cell lines
SCC1

UMSCC-1 UM SCC-17A UM SCC -11A

UM SCC - 1 pBABE UM SCC — 17A lenti UM SCC -11B

UM SCC - 1 WTp53 UM SCC — 17A shp53

UM SCC -1 R175H

UM SCC -1 C176F

UM SCC — 1 R282W

*Note that all of these cell lines are HPV negative

Based on the approximate molecular weight of our proteins of interests (p53 — actual
mass is approximately 43.7 kDa but runs as an approximately 50 kDa molecule on
SDS-PAGE, TIGAR - 30 kDa, and HK-2 — 100 kDa), we selected two
housekeeping proteins actin (42 kDa), and vinculin (124 kDa) to act as loading
references. Accordingly, actin was chosen as a housekeeping protein to provide a

loading reference for HK-2 and vinculin was similarly used for p53 and TIGAR.

We repeated each experiment three times, calibrated the densitometer readings,

and took the mean value.

2.3.2 Principles of western blotting

Western blotting is one of the most important routine analytical techniques in cell
and molecular biology, enabling researchers to identify specific proteins from a
complex mixture of proteins extracted from cells and to determine the relative
abundance of these between different samples in a semi-quantitative manner (263).
There are three major elements in the western blot technique: (1) separation of the
proteins by size, (2) transfer to a solid support, and (3) detection of specific target
proteins using antibodies. Typically a primary antibody is used to detect a specific

protein species, and then the signal is generated by using a secondary antibody that
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recognises the species of the primary antibody (e.g. a rabbit antibody that recognises
the primary murine 1gG) employing some sort of detection chemistry [enhanced
chemiluminescence] or physics [IR or fluorescent conjugate], to permit visualization

(263).

Electrophoresis is used to separate proteins according to their electrophoretic
mobility, and the commonly used gel electrophoresis is SDS-PAGE (Sodium dodecyl
sulphate polyacrylamide gel electrophoresis) which separate proteins on the basis of
their shape and size (264). The separated proteins are transferred from the gel to a
membrane, typically nitrocellulose, and proteins bind to the membrane based on
hydrophobic interaction (264). The membrane is then incubated with a blocking
agent to suppress non-specific protein interactions of the antibodies, and then
incubated with specific antibodies, and the antigen-antibody complexes that form on
the blot in the region containing the protein can be visualised in a variety of ways,
including electrochemiluminescence or colorimetric, radioactive or fluorescent

detection (263).

2.3.3 Western blotting reagents

SLIP (Stuart Linn Immunoprecipitation) buffer:
50mM HEPES (pH 7.5)

Glycerol 10% (v/v)

Triton X-100

150mM NacCl

0.5mg/ml BSA

PBS / tween:

65mM Naz:HPO4-2H20
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15mM NaH2P0O4-2H20
75mM NaCl

0.1% (v/v) Tween-20

Tris-glycine electrophoresis running buffer:
25mM Tris. HCI

250mM glycine 0.1% (w/v) SDS

Tris-glycine transfer buffer:
25mM Tris
192mM glycine

20% (v/v) methanol

4x protein sample loading buffer:

250mM Tris (pH 6.8)

8% (w/v) SDS

40% (v/v) glycerol

4mg/ml bromophenol blue

1% (v/v) p-mercaptoethanol

Diluted with water from a MilliQ system (>18MQ (or mega ohm) resistance water)

to make 2x and 1x sample buffer.

Ponceau S solution:

0.2% (w/v) Ponceau S

5% (v/v) acetic acid

61



Materials and methods

2.3.4 Bradford assay

Proteins for analysis were extracted from the cells which were harvested by
trypsinisation and pelleted by centrifugation at 300 x g for five minutes at 4°C as
described in section 2.2.3. The cell pellets were washed with 1ml of PBS, and the
solution then transferred to Eppendorf 1.5ml microcentrifuge tubes. The cells were
again pelleted by centrifugation, and the supernatant aspirated as before. The pellets
were then stored at -80°C before further processing. On the day of sample
processing, cell pellets were lysed by resuspension in lysis buffer (lysis buffer =
SLIP buffer supplemented with the following protease inhibitors; aprotinin (2pg/ml),
leupeptin  (0.5ug/ml), pepstatin A (Ipg/ml), a trypsin inhibitor from soybean
(100pg/ml) and PMSF (ImM in 100% ethanol)). Samples were then incubated on ice
for 10 minutes and then centrifuged for 10 minutes at 13,000 x g at 4°C. The
supernatant from this centrifugation was transferred to a clean microcentrifuge tube.
In the meantime, protein standards were prepared for the Bradford assay. Firstly, a
solution of 20mg/ml BSA in lysis buffer was prepared and a serial dilution
performed to produce six further standards of the following BSA concentrations:

10mg/ml, 5Smg/ml, 2.5mg/ml, 1.25mg/ml, 0.625mg/ml, and 0.3125mg/ml.

2ul of each of the standards was then added to 1ml of Bradford protein assay dye
reagent (diluted 1:5 with H20) and vortexed for 10 seconds. 2l of the SLIP buffer
was also added to 1 ml of protein assay dye reagent and assigned as the blank. A
standard curve was prepared on a BioPhotometer (Eppendorf AG, Hamburg,

Germany) using the Bradford program, which measures absorbance at 595nm.

A coefficient of the variable of less than 5% was deemed an acceptable level for

calibration. Following generation of the standard curve, 2ul of each of the protein
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samples was added to 1ml of protein assay dye reagent in microcentrifuge tubes, and
the protein concentrations determined based on the prepared standard curve using the
BioPhotometer. Samples were then adjusted such that 50ug of total protein was made
up in the sample loading buffer using indicated volumes of 1X, 2X and 4X (final
concentration of the buffer 1X) to a total volume of 20ul. These samples were then

stored at -80°C before gel electrophoresis.

2.3.5 SDS-Polyacrylamide gel electrophoresis

An SDS polyacrylamide gel was used to separate proteins according to their
approximate mass by gel electrophoresis. The acrylamide percentage used in the
separating gel was adjusted depending upon the size of proteins to be resolved. The
higher the percentage of acrylamide, the smaller the pore size of the gel matrix.
Therefore a higher percentage of gels are suited for low molecular weight proteins,
and a low percentage of gel is useful for larger proteins. The separating gels are

prepared as detailed in table 2.4.

Table 2-4 Preparation of different percentage of separating gel

6 % 75 % 10 % 12 % 15 %
H20 5.8 ml 5.42 mi 4.8 ml 4.3 ml 3.55 ml
Acrylamide mix 40% 1.5ml 1.87 ml 2.5ml 3ml 3.75 ml
(VIv)
1.5 M Tris (pH 8.8) 2.5ml 2.5 ml 2.5 ml 2.5 ml 2.5ml
SDS 10 % (w/v) 100 ul 100 ul 100 ul 100 ul 100 ul
TEMED 8 ul 8ul 8 ul 8 ul 8 ul
APS 10 % (w/v) 100 ul 100 ul 100 ul 100 ul 100 ul

To make 0.75 mm thick gels, glass slides were assembled, the separating gel poured
into the gap, overlaid with H20, and allowed to polymerise. After the gel had set

(typically after one hour), the water on the top of the gel was poured off, and the
63




Materials and methods

stacking gel was added. The preparation of the stacking gel is described in

Table 2.5.
Table 2-5 Preparation of stacking gel
H20 7.225 ml
acrylamide mix 40% (v/v/) 1.275 ml
1 M Tris (pH 6.8) 1.25 ml
SDS 10 % (w/v) 100 wl
TEMED 10w
APS 10 % (w/v) 100 wl

After adding the stacking gel, a 10-well comb was inserted, and the gel left to
polymerise (typically for at least 20 minutes). The comb was removed after the
polymerisation, and the gel assemblies were placed in an electrophoresis tank filled

with Tris-glycine electrophoresis running buffer.

The protein samples, which were already prepared, were retrieved from the -80°C
freezer and were denatured by heating in a heat block at 100°C for five minutes,
vortexed, and centrifuged at 13,000 x g at 4°C for two minutes. 20ul of each sample
(containing 50 pg of total protein) was then loaded into the designated wells of the
gel, alongside a blue broad-range prestained protein marker (Bio-Rad). SDS-
polyacrylamide gel electrophoresis (PAGE) was performed using a two-gel Mini-

PROTEANR Tetra cell (Bio-Rad) at 200V for one hour.

Note that for the later experiments, we used precast gels (10% mini-protean TGX

precast protein gels, 10-well) from Bio-Rad.

2.3.6 Protein detection

After the gel electrophoresis, proteins were transferred onto a Hybond ECL

nitrocellulose membrane (GE Healthcare) using a Mini Trans-Blot® Electrophoretic
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Transfer Cell (Bio-Rad). To create a transfer sandwich, the Hybond ECL
nitrocellulose membrane was first pre-soaked together with two pieces of Whatman®
chromatography paper (Sigma-Aldrich) and two sponges in the transfer buffer and
then the electrophoresis apparatus was dismantled. The gel was removed from
between the glass plates, the stacking gel discarded, and the separating gel placed in
between the nitrocellulose membrane and chromatography paper. Another piece of
chromatography paper was placed on the opposing side of the nitrocellulose
membrane, and two sponges were added onto the outside to complete the assembly.
This was then placed in a transfer cassette, which was then placed in a tank in such a
way that the membrane faced the positive electrode while the gel faced the negative
electrode, thereby enabling the negatively charged proteins on the gel to migrate in
the direction of the nitrocellulose membrane towards the cathode. The tank was filled
with a transfer buffer and an ice pack to ensure cooling during transfer. The transfer

was performed at 100 V for one hour using a two-gel Mini-PROTEANR Tetra cell.

For the last set of western blot experiments, we used the Trans-Blot Turbo transfer
system (Bio-Rad) for protein detection. After the gel electrophoresis, the running
apparatus was dismantled. Filter papers and the membrane used were provided in the
Trans-Blot Turbo RTA Transfer kit (Bio-Rad). First filter papers were soaked in a
transfer buffer and placed on the bottom tray of the transfer cassette. The
nitrocellulose membrane was placed over the filter papers, and the gel was laid on
top of the membrane. Five layers of filter papers were placed on top of the
membrane, and the top of the transfer cassette was closed and locked securely. The
apparatus was run for 13 minutes to permit the transfer of proteins. Subsequently, the
transfer apparatus was dismantled, and the membrane stained briefly with Ponceau S
and rinsed with H>O to ensure the transfer of proteins had been successful. At this
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point, the membrane was cut horizontally into strips based on the size of proteins to
be probed. Figure 2.1 illustrates the protein ladder set with the molecular weight
markers ranging from 10 — 250 kDa and one of the nitrocellulose membranes from

our experiments which shows the visible protein ladder.

Precision
Plus
Protein™
Standards

Kaleidoscope '

Figure 2:1 Left; Protein ladder from Bio-Rad, Right; Nitrocellulose membrane before cutting into
strips based on the molecular weight of the proteins

Figure 2.2 shows the representation of cutting the membrane for p53, TIGAR, and

HK-2 based on molecular weight.
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Representative
M (kDa) cuts for
100 | HK-2
37 -
TIGAR
25 -

Figure 2:2 Process of cutting the Nitrocellulose membrane. Guiding molecular weight markers
from the protein ladder are shown on the left, and this figure illustrates the process of cutting the
membrane based on molecular weight for p53, TIGAR and HK-2

The membrane was then washed briefly in PBS/Tween to remove the Ponceau S
stain and then cut into strips which were blocked in 5% (w/v) non-fat dry milk in
PBS/Tween solution for 1 hour (to prevent non-specific binding of antibodies to the
membrane). During blocking, the membranes were agitated on a shaker at room
temperature. After one hour, the blocking milk was removed, and appropriate

primary antibodies (section 2.1.4) were added and left on a shaker at 4°C overnight.

The following day, the membranes were then washed for 15 minutes in PBS/Tween
three times, after which horseradish peroxidase (HRP)-conjugated secondary
antibodies, raised to the relevant species (section 2.1.4) were applied and the
membranes incubated for a further hour at room temperature. Next, the membranes

were washed three times as previously before being transferred into dry trays.
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Amersham ECL Prime detection reagent (GE Healthcare Life Sciences) was then
applied (typically 1-2 ml per membrane) for five minutes, and the signal detected by
chemiluminescence and recorded on a Kodak IM4000 image station using
Carestream molecular imaging software (Carestream Health UK, Hemel Hempstead,
UK). Further image processing was performed using CoreIDRAW graphics suite X7.
For the last set of experiments, we used a ChemiDoc™ MP imaging system (Bio-

Rad, Maxted Road, Hemel Hempstead, UK).

2.3.7 Densitometer analysis and data normalisation

Densitometer analysis was done with ‘lmage Lab’ software from Bio-Rad (265).
First, we selected the 16-bit raw image of the target protein and, with the help of the
‘analysis tool’, marked the individual lanes. Depending on the bandwidth, we resized
the lanes individually and then detected the bands manually. The selected lanes were
checked with the ‘lane profile’ tool, and with the help of the ‘subtraction tool’, we
selected the maximum subtraction. The final analysis gave the adjusted volume with

the required background subtraction.

Data normalisation is essential to accurately compare target protein expression across
multiple samples in western blot analysis (266). To normalise the expression of the
target protein, the intensity of the loading control protein of the first lane was divided
by the corresponding loading control protein, then multiplied by the intensity of the

target protein.
2.4 Immunohistochemistry (IHC)

2.4.1 Principles of IHC

Immunohistochemistry (IHC) is based on the detection of antigens in tissue sections

by means of specific antibodies, and one of the main advantages of IHC over other
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protein detection methods is the ability to correlate the presence of an antigen with
its location in a tissue or cell (267). As its name indicates, IHC connects three

important disciplines: immunology, histology, and chemistry (267).

The basic steps in IHC are fixation, antigen retrieval, blocking and antibody labelling
and visualisation (268). Several methods exist to enable the visualisation of antigen-
antibody interaction, and the most commonly used method employs a secondary
antibody conjugated to an enzyme, such as peroxidase, that can catalyse a
chromogenic reaction, but alternatives include conjugating the secondary antibody to

a fluorophore, which might, for example, be fluorescein or rhodamine (269).

2.4.2 Selection of tissue microarrays (TMA)

We aimed to analyse the expression of p53, TIGAR and HK-2 in head and neck
cancer samples by immunohistochemistry (IHC), taking advantage of previously
constructed TMAs. We had access to two TMA sets potentially, both created at the
University of Liverpool by members of the Mersey Head and Neck Oncology
Research Group (MHNORG). One was created by Mr Paul Goodyar whilst a student
registered in the research group. However, whilst this TMA had patient samples from
the larynx, hypopharynx, and oropharynx tumours, there were no available sections
that could be cut from the TMA block, and it was decided to make a new TMAs
using new cores obtained from the same patient samples (this would become TMA
set 2). Due to technical difficulties, there was a delay in constructing the new TMA,
and so in the meantime, Dr Janet Risk (Senior Lecturer, Department of Molecular
and Clinical Cancer Medicine, University of Liverpool) kindly provided access to
another TMA with a different set of samples from head and neck cancer patients
treated at University Hospital Aintree (TMA set 1). One of our proteins of interest is

TIGAR, encoded by a relatively recently discovered p53 regulated gene. Since there
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were no previous research papers related to IHC expression of TIGAR in SCCHN
and sections of the TMA were limiting, we decided to analyse only p53, and TIGAR
in TMA set 1. Later as the newly re-constructed TMA became available, we were

able to prove that with p53, TIGAR and HK-2 antibodies (TMA set 2).

2421 TMA setl

TMA set 1 included samples from 102 patients who were treated at the University
Hospital Aintree between June 2003 and June 2010. The results of the first study
utilising this TMA were published by J Dhanda et al., who analysed the expression
of SERPINE1 and SMA to determine whether this could predict extracapsular spread

(ECS) in oral squamous cell carcinoma (270).

Ethical approval covering the generation and research use of the TMA was
previously obtained (South Sefton EC 47.01 and REC No 10/H1002/53), and the
inclusion criteria for selection were cases with a new histologically confirmed
diagnosis of oral squamous cell carcinoma and treatment with primary surgery. All
patients provided both snap-frozen and formalin-fixed paraffin-embedded (FFPE)
samples. The following clinical parameters were available with the TMA data;
anatomical sites, T stage, N stage, ECS (extracapsular spread), differentiation, and
survival status. Out of 102, 95 patients were tested for HPV to clarify the underlying
molecular aetiology of the tumour. Four cases were confirmed as HPV positive via
RNA gPCR, the so-called “gold standard” test (271), and one of the cases was
potentially overlapping the oropharynx (270). Unfortunately, we could not retrieve
further information on the HPV results, and we were not able to trace the four HPV

positive cases among the 95 samples.
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TMA set 1 had three slides (A, B, and C), and they were constructed [source -
Dhanda et al. (270)] using the cores selected from FFPE blocks of primary tumour
samples, using a manual tissue arrayer (MTA-1, Beecher Instruments, Sun Prairie,
WI, USA). An oral and maxillofacial pathologist identified the areas of the primary
tumour and adjacent tumour-free mucosa and marked these areas on archival
haematoxylin and eosin-stained (H&E) sections. Cores were cut from FFPE blocks
in triplicate, to a 4-mm depth, from the pathologist-marked areas and transferred to a
recipient array block using a randomised distribution, with each replicate located on

a different array block.

For practical reasons, 0.6 mm diameter cores were obtained from the tumour centre
and tumour-free mucosa. H&E sections of the TMAs were examined to confirm the
accuracy of the tissue sampling (criteria for scoring the triplicate cores will be
discussed in 2.4.5). Because the triplicate cores were distributed randomly in three
blocks, there were three slides per TMA set. Table 2.6 provides a summary of the

frequency distribution of cases in TMA set 1.

Table 2-6 Summary of TMA set-1

Total patients recruited 102

Sample missing (core 1

from slide)

Total samples used for 101

analysis

Anatomical sites Oral cavity (tongue, floor of the mouth,

alveolus, buccal mucosa, retromolar
area, palate) (n=93 patients) and
oropharynx (n=8 patients)

Number of TMA slides 3 slides
TMA (A), TMA (B), TMA (C)

Proteins analysed p53 and TIGAR
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An overview of the TMA slides, which includes samples from TMA set 1, are

shown in figures 2.3 and 2.4.

PLIC
(P

Figure 2:3 Immunohistochemical analysis of p53 expression in TMA set 1. A tissue microarray
was stained using a mouse monoclonal antibody (DO-7) as described in section 2.4.3. This figure
illustrates an overall distribution of the cores and also demonstrates variable staining of cores.
Magnification is indicated by the scale bar in the figure.

|

Figure 2:4 Immunohistochemical analysis of TIGAR expression TMA set 1. A tissue microarray
(TMA) was stained using a rabbit polyclonal anti-TIGAR antibody (AB10545), as described in
section 2.4.3. This figure illustrates an overall distribution of the cores and also demonstrates variable
staining of cores. Magnification is indicated by the scale bar in the figure.
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2422 TMAset2

The newly constructed TMA-2 had 163 patients’ samples of primary squamous cell
carcinoma of the head and neck (SCCHN) from the larynx (n=77), hypopharynx
(n=22), and oropharynx (n=64). The TMA was constructed by the LBIH Biobank,
University of Liverpool. The TMA set -2 was constructed using cores selected from
formalin-fixed, paraffin-embedded (FFPE) blocks of primary tumours and from
involved lymph nodes using a manual tissue-arrayer (MTA-1, Beecher Instruments).
An oral and maxillofacial pathologist identified the areas of the primary tumour
centre and invasive front of the tumour and adjacent tumour-free mucosa and marked
these areas on archival haematoxylin and eosin-stained (H&E) sections. Cores were
cut from FFPE blocks in triplicate, to a 4-mm depth, from the pathologist-marked
areas and transferred to a recipient array block using a randomised distribution, with
each replicate located on a different array block. For practical reasons, 0.6 mm
diameter cores were obtained from the tumour centre and tumour-free mucosa
whereas, 1 mm diameter cores were obtained from the invasive front of the tumour.
H&E sections of the TMAs were examined to confirm the accuracy of the tissue

sampling (criteria for scoring the triplicate cores will be discussed in 2.4.5).

The pathological details of the tumour and the clinical data were provided by the
LBIH Biobank (they were originally collected by searching the archive of the
pathology reports of University Hospital Aintree, Liverpool, from 1998 to 2008).
Ethical approval was obtained by the previous researchers (Ref:07/MREQ8/47/South
Sefton Research Ethics Committee, EC.47.01-6; North West 5 Research Ethics

Committee, EC.09.H1010.5).

As part of this process, it became clear that a considerable amount of work would be

required to manage and curate the TMA data set, and | was involved mainly in
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managing and reviewing the clinical data. | matched the old TMA location number
with the new TMA location number for each individual patient sample so that
accurate clinical details for each patient could be obtained. I was also involved in
obtaining the data for the HPV status for the oropharynx patients and generated a

revised and curated main data spreadsheet.

The old TMA was described by Upile et al., who analysed two hundred eighty-one
cases of SCCHN using the HPV diagnostic testing algorithm and observed an
incidence of 4% of HPV-driven cases across the subsites outside the oropharynx
compared to 70% incidence in tumours of the oropharynx (272). Their numbers were
high due to the inclusion of oral cavity cases, whereas our samples contain only the

larynx, hypopharynx, and oropharynx.

Table 2-7 Frequency distribution of samples in TMA set 2

Larynx Hypopharynx Oropharynx
Total patients 77 22 64
(primaries)
Missing primary samples 0 0 2
Final primary samples 77 22 62
Lymph nodes 19 12 29

The new TMA had triplicate cores from adjacent normal mucosa, advancing front of
the tumour and from the tumour cores. It also had triplicate cores from the neck
lymph nodes in the case of patients with nodal metastasis. Table 2.7 summarises the
overall number of cases in TMA set 2. The total number of patients in the larynx
groups was 77. There were 21 lymph node samples from the larynx (2 nodal samples
did not have primary tumour samples, so a total of 19). The total number of patients
in the hypopharynx groups were 22. There were 13 lymph node samples from the
hypopharynx (1 nodal sample did not have a primary tumour sample, so a total of

12). In the oropharynx group, there were 64 patients, but two patient samples were
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missing in the block, so the total patient samples available were 62. We had 34
lymph node samples from the oropharynx (5 nodal samples did not have primary

tumour samples, so a total of 29).

Since we had low numbers of hypopharynx samples, we combined larynx (77) and
hypopharynx (22) together for statistical analysis. We analysed the oropharyngeal
samples separately as the pathogenesis and clinical outcomes of oropharyngeal
cancers are different from other head and neck cancers due to the involvement of
HPV (discussed in section 1.2). The revised patient's cohort is summarised in Table

2.8.

Table 2-8 Revised frequency distribution of TMA set 2

Larynx & HPV status in the
hypopharynx Oropharynx oropharynx (HPV status
is missing -2)

HPV +ve HPV -ve

Primaries 99 62 45 15
Lymph nodes 31 29

Two patients from the larynx and one patient from the hypopharynx group were HPV
positive, and they were not included in statistical analysis. The oropharyngeal cases
were previously analysed by Upile et al. for HPV involvement by doing pl6
immunohistochemistry and high-risk HPV in situ hybridization. Samples that had
positive results for both p16 IHC and HR-HPV ISH were assigned as HPV positive.
If only HR-HPV ISH positive, they were scored as negative as chromogenic in situ
hybridization (CISH) only highlights the presence of the HPV DNA but not viral
transcription. If they were only pl16 positive but CISH negative, then they were

further tested for HPV 16 E6 DNA using qPCR (272).

Examples of the TMA set 2 slides were shown in figures 2.5 to 2.8. (for the

illustration purposes, the slides with TIGAR staining are shown as examples)
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Figure 2:5 Immunohistochemical analysis of TIGAR expression in larynx samples of TMA set 2.
A tissue microarray (TMA) was stained using a rabbit polyclonal (AB10545) as described in section
2.4.3. This figure illustrates an overall distribution of the cores and also demonstrates variable staining
of cores. Magnification is indicated by the scale bar in the figure.
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Figure 2:6 Immunohistochemical analysis of TIGAR expression in hypopharynx samples of
TMA set 2. A tissue microarray (TMA) was stained using a rabbit polyclonal (AB10545) as described
in section 2.4.3. This figure illustrates an overall distribution of the cores and also demonstrates
variable staining of cores. Magnification is indicated by the scale bar in the figure.
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Figure 2:7 Immunohistochemical analysis of TIGAR expression in oropharynx samples of TMA
set 2. A tissue microarray (TMA) was stained using a rabbit polyclonal (AB10545) as described in
section 2.4.3. This figure illustrates an overall distribution of the cores and also demonstrates variable
staining of cores. Magnification is indicated by the scale bar in the figure.

Figure 2:8 Immunohistochemical analysis of TIGAR expression in larynx lymph node samples
of TMA set 2. A tissue microarray (TMA) was stained using a rabbit polyclonal (AB10545) as
described in section 2.4.3. This figure illustrates an overall distribution of the cores and also
demonstrates variable staining of cores. Magnification is indicated by the scale bar in the figure.
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2.4.3 Immunohistochemical staining

2.4.3.1  Antigen retrieval

Antigen retrieval enables an antibody to access the epitope in the target protein
within the tissue, and it can be done either by using enzymes to digest tissue
components or by using heat treatment. We used a heat-induced epitope retrieval
process on a PT-link machine (Dako UK Ltd, Cambridgeshire, UK). After
preheating to 65°C , the slides were incubated in a high-pH (pH 7.6) bath containing
EnVision™ FLEX target retrieval solution (TrissEDTA buffer pH 9.0) (Agilent) at
96°C for 20 minutes. The PT-link machine performs the deparaffinisation,

rehydration and antigen retrieval steps as a single process.

2.4.3.2  Blocking

Blocking reduces the background signal in staining and false-positive scoring. For
blocking and further staining procedures, we used two different kits according to the
nature of the primary antibody. For mouse monoclonal antibody (p53 and HK-2), we
used DAKO EnVisionTM FLEX/HRP detection system (Dako UK Ltd), and for
rabbit polyclonal antibody (TIGAR), we used “Expose Rabbit specific HRP/DAB

detection IHC kit” (Abcam) (273).

For TIGAR staining, the TMA slides were taken out from the PT-link machine and
left for cooling before being washed with a FLEX wash buffer. The slides were first
blocked with hydrogen peroxide to eliminate the endogenous peroxidase activity for
10 minutes, and then they were washed two times with a wash buffer. The protein
block then applied and incubated for 10 minutes at room temperature to block

nonspecific background staining. For p53 and HK-2 staining, after removal from the
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PT-link machine, the slides were blocked with an EnVisionTM FLEX peroxidase

block for 5 minutes.

2.4.3.3  Optimisation and selecting primary antibodies

Antibody optimization is essential as the quality of staining is influenced by the
primary antibody concentration, the diluent used, the incubation time and
temperature. Optimisation with different antibody concentrations was done for all
three antibodies. As there were no reference articles for TIGAR staining in SCCHN,
we performed initial optimisation experiments with samples of SCCHN tumours to
evaluate TIGAR expression, including tonsils, tongue, soft palate, oropharynx, and
lymph nodes. We tried two antibodies with different concentrations. The first one
was a monoclonal anti-TIGAR (T8828) antibody from Sigma-Aldrich. The second
one was purified rabbit polyclonal (AB10545) from Millipore UK Itd. We were
satisfied with rabbit polyclonal antibody (Millipore) staining results and used rabbit
polyclonal antibody in 1:50 concentration for the TMA set 1. We used the same
concentration for the TMA set 2 and noticed very strong overall TIGAR staining.
Further optimisation with the same antibody in 1:100 and 1:200 concentration done,
and finally selected 1:200 antibody concentration for TMA set 2 (appendix 5.1 shows

the examples from TIGAR optimization analysis).

For HK-2, we tried two antibodies, a rabbit monoclonal HK-2 (C64G5) antibody
(New England Biolabs) and a mouse monoclonal HK - 2 antibody (Novus
Biologicals). Finally, we selected a mouse monoclonal antibody from Novus for
HK-2 and used it in 1:200 concentration (appendix 5.2 shows the initial optimisation
results of HK-2 staining with two antibodies). For p53, we used standard DO-7

mouse monoclonal antibody in 1:250 concentration.
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After blocking, the slides were washed, and appropriate primary antibodies were
added and left for 30 minutes. For positive controls, we used a soft palate sample for
p53, kidney for TIGAR and pancreas for HK-2. For negative controls, the primary
antibody was omitted, and we added ‘Dako antibody dilution’ to the negative
control slides for p53 and TIGAR, and we added 1gG1 to the HK-2 negative control
slide. The mouse monoclonal anti-HK-2 antibody is an IgG1 isotype; therefore,
mouse IgG1 was used as a negative control as the same concentration as the HK2
antibody to rule out any non-specific binding of the immunoglobulins to Fc receptors

on the surface of cells found in the tissue.

2.4.3.4  Adding secondary antibodies

The secondary antibody should be directed against the species in which the primary
antibody was raised and can be either enzyme-labelled or biotinylated. We used an
enzyme labelled secondary antibody, which is horseradish peroxidase (HRP). For
rabbit polyclonal primary antibody, we applied rabbit specific HRP conjugate and
incubated it for 15 minutes at room temperature. For monoclonal antibody, the slides
were incubated with a rabbit linker (Agilent) for 15 minutes, and the bound antibody

was then detected with HRP for 20 minutes.

2.43.5 Adding DAB

The chromogenic detection methods in IHC relies on enzymes that convert soluble
substrates into insoluble, chromogenic products, and the most commonly used
chromogen is DAB (3,3’-diaminobenzidine), which is used in combination with the
HRP enzyme. After incubating with secondary antibody, the slides were washed,
and DAB was applied (concentration, time etc.). The slides were then ready for

counter-staining.
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2.4.3.6  Counter-staining

After washing with a FLEX buffer and distilled water, the slides were placed in a
slide rack and dipped quickly into Mayer’s haematoxylin (VWR chemicals) for 30
seconds. The samples were washed in running tap water until the water ran clear.
The slide rack was then dipped into an acid alcohol bath and immediately taken out
and placed in running tap water until the slides were no longer showing pink

staining.

After a thorough wash, the slide rack was placed in Scott’s tap water/ ammonia water
for 30 seconds. The samples were washed in running water for one minute and
dehydrated through a series of ethanol solutions in a fume hood. This included 5 x
IMS (Industrial Methylated Spirits) and 2 x Xylene. The slides were agitated for 10
seconds at each stage vigorously, and at the end, one drop of DPX mountant was
added to the sample, and it was then covered with a coverslip, avoiding and, if
necessary removing air bubbles. After adequate drying, the slides were ready for

examination under the microscope.

2.4.4 The rationale for the scoring method and our scoring criteria

2.4.4.1  Scoring criteria for TIGAR staining
As we didn’t have any previous reference staining protocol for TIGAR in head and
neck cancer cells, we referred TIGAR-related articles and evaluated different scoring

criteria for TIGAR expression (274-277).

Accordingly, in consultation with the pathologist, we determined an empirical
scoring approach as follows: TIGAR cytoplasmic staining was scored according to
the intensity as 1 (very weak), 2 (weak), 3 (moderate) and, 4 (strong). Because of the

small numbers of 1 and 3 categories, we have combined 1 and 2 together and 3 and 4
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in one group. The revised scoring criteria for TIGAR staining was 1 (weak) and 2

(strong).

2.4.4.2  Scoring criteria for p53 staining

p53 expression was typically detected as nuclear staining, and samples were scored
according to the percentage of tumour cells with nuclear p53 expression. When >1%
to <5% of tumour cells showed p53 expression, then they were considered as
inferred wild-type p53 and allocated a score of 1. Tumour cells with >5% of p53
expression were considered as inferred mutant p53 and allocated a score of 2. This
approach is based on one developed originally by the Lane research group, as
described in Nenutil et al., 2005 (278), and on our research group’s previously
published studies. The method used for IHC detection of p53 and the antibody used
is highly sensitive, so that the complete absence of staining often indicates the loss of
p53 expression. For example, 80% of the IHC negative cases in the Nenutil et al.
study harboured mutations resulting in loss of detectable p53 protein, often as a
result of a nonsense mutation, though of course, this cannot be distinguished from
any other cause of absence such as LOH (278). The anti-p53 antibody produced by
hybridoma clone DO-7 was identified as the best available antibody for IHC by these
authors, and we have used the same clone. Accordingly, we have scored complete
absence of detectable p53 in tumour cells as indicative of a genetic alteration
compromising p53 function, and these were therefore scored 2 and grouped with the

other p53 inferred mutation samples.

2.4.4.3  Scoring criteria for Hexokinase-2 (HK-2) staining
We performed a literature search and evaluated different scoring criteria for

immunohistochemical analysis of HK-2 expression (279-283). For HK-2 expression,
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the samples were scored according to the intensity of cytoplasmic staining. The
scoring scheme used for HK-2 was 1 (weak staining), 2 (moderate staining) and 3

(strong staining).

2.4.5 Evaluation of immunohistochemical staining

Immunohistochemistry-stained TMA slides were analysed and validated using a
semi-quantitative method for scoring as described above. Two clinical pathologists,
both blinded to previous diagnostic and clinical information, independently evaluated
the slides. Scoring the triplicate scores was based on the following criteria: out of
three cores, if two cores displayed the same value, we selected that score. If all three
scores are different, or if one score is missing, we selected the maximum value. If

two cores are missing, that will be discarded.

2.4.6 Distribution of cores in TMAS

In TMA set 1, we have three TMA slides (triplicate cores distributed in three TMA
slides for 101 patients). Three patients had duplicate cores, and there was one blank

core, so the total cores evaluated were 305.

In TMA set 2, for each patient, there were triplicate cores for normal tissue, tumour

core and advancing front of tumour.

e For the larynx (77 primaries + 19 lymph nodes), we had 594 cores.
e For the hypopharynx (22 primaries + 12 lymph nodes), we had 175 cores.

e For the oropharynx (62 primaries + 29 lymph nodes), we had 509 cores.

The number of cores and the missing cores for each patient were given in the
appendix (refer to appendix 5.3 for oropharynx, 5.4 for larynx, and 5.5 for

hypopharynx).
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2.4.7 Interobserver variability

The concordance between the two pathologists scoring (Inter-observer variability) is
assessed by ‘x statistics’, which provides a measurement of the observed agreements
and the agreements expected by chance expressed as a fraction of the maximum
possible difference (284). The level of agreement is normally categorised as almost
perfect, substantial, moderate, fair, and slight when the « value is >0.80, >0.60-0.80,

>0.40-0.60, >0.20-0.40, and 0-0.20, respectively (284).

The discrepancies in the scoring between the two pathologists were further evaluated
for inter-observer variability (see table 2.9, which provides a summary of the

discordant scores by the two pathologists).

Table 2-9 Inter-observer variabilities (TMA set 1 and 2)

TMA Staining/core | Pathologist | Pathologist | 3" scoring by | 4" scoring by

number 1 2 student and Pathologist 3
supervisor

TMAsetl-1.A p53/ A10 2 NT 2

TMAsetl-1.A p53/All 2 1 1

TMAsetl-1.A p53/E9 2 1 2

TMAsetl-1.A p53/E10 2 NT NT

TMAsetl-1.A p53/F3 NT 1 NT

TMAsetl-1.A p53/G11 1 2 2

TMAset1-1.B p53/ A2 2 1 1

TMAsetl1-1.B p53/E7 1 NT NT

TMAset1-1.C p53/All 1 NT NT

TMAset1-1.C p53/C5 2 1 2

TMAset1-1.C p53/ E10 2 NT NT

TMAset1-1.C p53/E12 1 2 2

TMAset1-1.C p53/F8 1 2 2

TMAsetl-1.A TIGAR / H10 1 2 2

TMAsetl-1.A TIGAR / E8 NT 2 2

TMAsetl-1.A TIGAR / F11 2 NT 2

TMAsetl-1.A TIGAR / F12 2 1 1

TMAset1-1.B TIGAR / H10 2 NT NT

TMAset1-1.B TIGAR / F12 NT 2 2

TMA set 2 -HP p53/A1 1 2 2

TMA set 2 -HP p53/C5 1 NT NT

TMA set 2 -HP p53/C6 1 NT NT

TMA set 2 -HP p53/ D3 1 2 2

TMA set 2 -OP01 p53/J5 NT 2 2

TMA set 2 -OP02 p53 /K1 1 2 2

TMA set 2 -OP03 p53/ D3 1 2 2

TMAset2-OP-N p53/B4 NT 2 2

TMA set 2 -HP HK2/C5 3 NT NT

TMA set 2 -LP 02 HK2/ A2 2 NT NT

(TMA=Tissue microarray; HP=Hypopharynx primary; OP=Oropharynx primary; LP= Larynx primary)
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The variable scores between the two pathologists were further reviewed by myself
and my supervisor to reach a consensus score. We could not make a consensus
decision in six samples, and these were then sent to a third pathologist to try to
resolve the situation and finalise the score. The revised data was then used for

statistical analysis.

In our analysis, Cohen’s Kappa k was run to determine if there was a similarity
(agreement) between two pathologists’ scores on determining the levels of
expression of p53, TIGAR, and HK-2 in both TMAs. The two pathologists’ scores
were similar for more than 90% of the samples. There was a very good agreement
between the two pathologists’ scores (k > 0.9), and it is statistically significant in all

categories (P < 0.05).

2.4.8 Statistical analysis

Since our sample set contained comparatively few hypopharyngeal cases, we
combined the samples of larynx and hypopharynx for statistical analysis purposes.
We analysed the oropharyngeal samples separately as the pathogenesis and clinical
outcomes of oropharyngeal cancers are different from other head and neck cancers,
and this is substantially, if not entirely, due to the involvement of HPV (discussed
in 1.2). All statistical analyses (for TMA set 1 and TMA set 2) were performed using
the SPSS statistical software package (version 25; SPSS Inc., Chicago, IlI).
Immunohistochemistry results were provided in the form of summary statistics, and
the Pearson Chi-square test was used to test associations between the expression of
p53, TIGAR, and HK-2 to that of various known clinical variables, including T

stage, N stage etc.
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Survival curves were calculated using the Kaplan-Meier product-limit estimate, and
the differences between survival times were analysed by the log-rank test method.
Disease-specific survival analysis performed for up to 60 months. Deaths from
causes other than head and neck tumours were not considered as treatment failures,

and these patients were censored in all analyses that involved the length of survival.

A P- value <0.05 was considered statistically significant.
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3. Results

As discussed in section 1.7 of the introduction, we were interested in understanding
what happens to genes that play a critical role in regulating or contributing to altered
tumour metabolism. In particular, we were focussing on TP53, HK-2 and TIGAR,
because there was good evidence that these genes may have important roles to play
in carcinogenesis, and all three have connections with metabolic processes (206, 285,
286). Because of the evidence that TP53, in particular, is an important gene in
SCCHN and regulates TIGAR, which interacts with HK-2, we have tried to examine
all three in a substantial number of SCCHN patient samples using TMAs. We also
performed limited analyses of the steady-state levels of the protein products in a
panel of SCCHN cell lines, including several isogenic derivatives with defined

altered TP53 status.

We have grouped the results in two major sections: Section 3.1 describes western
blot results for p53, TIGAR and HK-2 expression in parental and isogenic SCCHN
cell lines, and sections 3.2 and 3.3 discuss the results of our immunohistochemical
(IHC) analysis of p53, TIGAR and HK-2 expression in SCCHN samples. The

overview of the results section is presented in figure 3.1.

\Western blot — Cell lines IHC
Parental Secondary TMA set 1 TMA set 2
Oral cavity & Oropharynx Larynx Hypopharynx Oropharynx
[p53, TIGAR, HK-2| 53,  TIGAR, HK-2)

Figure 3:1 Overview of the results section. Systems used to examine three proteins, namely p53,
TIGAR, and HK-2. Two major types of experiments were performed; western blot analysis (section
3.1), and IHC [performed in two sets of TMAs — TMA set 1 (section 3.2.1), and TMA set 2 (3.2.2)]
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3.1. Western blot results

The rationale for measuring the steady-state levels of the selected proteins (p53,
TIGAR, and HK-2) is as follows; the p53 protein is a transcriptional regulator of
many genes, and TIGAR was originally identified because it is transcriptionally
regulated by p53 (discussed in section 1.6). However, it is also well documented in
tumour cells from some cancers that p53 and TIGAR expression become uncoupled.
In addition, it has been discovered that one of the ways that TIGAR functions to alter

cellular metabolism is mediated through an interaction with HK-2,

Accordingly, we set out to examine the relationship between p53 status and TIGAR
and HK-2, taking advantage of existing isogenic cell lines that harbour defined
altered TP53 status (null, wild-type, and mutated) and also in isogenic cells that
display altered levels of p53 expression as a result of RNAiI mediated expression

modulation.

Note that all cell lines have been recently STR profiled, and their identities
confirmed as correct for the parental cell line. Individual isogenic lines match the
expression profiles previously observed for p53 and display the expected sensitivity
to an MDMZ2 antagonist- Nutlin 3 (287) [and data not shown, generated by Mark

Wilkie and Andrew Lau, in our laboratory].

The selection of cell lines has been discussed previously in section 2.3.1.

Each experiment has been repeated three times (Gel 1, Gel 2, and Gel 3), and
densitometer values were obtained using Bio-Rad Image Lab 6.1 software

(discussed in 2.3.7)
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3.1.1 p53 and TIGAR expression in UM SCC-1 cell lines

Protein extracts were prepared from each cell line, harvested, and lysed as described
in section 2.2.3. 20ug of protein was analysed in each lane. Primary antibodies (as
mentioned in section 2.1.4) were used with appropriate secondary antibodies.
Vinculin was used as a loading control. Figure 3.2 shows the p53 and TIGAR

expression in UM SCC 1 isogenic cell lines.
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Figure 3:2 p53 and TIGAR expression in UM SCC 1 isogenic cell lines. Western blot showing
protein expression levels of p53 and TIGAR in UM SCC 1 isogenic cell lines. Vinculin served as a
protein loading control. The migration of protein standards of the indicated approximate molecular
weight is shown in kDa. UM SCC -1 and UM SCC-1-pBabe (p53 null), UM SCC-1 WTp53 (wild
type), UM-SCC-1 R175, UM-SCC-1 C176F, UM-SCC-1 R282W (p53 mutant). These data are
representative of one experiment performed three times independently.

Images were analysed using Bio-Rad Image Lab 6.1 software, and the intensity of
p53 and TIGAR expression was determined with background subtraction set as
maximum and then normalised to the intensity of the loading control protein for each

lane (as described in 2.3.7).
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The normalised mean values of p53 expression relative to Vinculin in UM SCC 1

isogenic cell lines are given in Table 3.1 and are plotted in figure 3.3.

Table 3-1 The mean expression of p53 in UM SCC-1 isogenic cell lines

Gel 1 Gel 2 Gel 3 Average StDEV SEM
UMSCC-1 3762 944 1596 2101 1475 852
UMSCC -1 pBABE 3594 8803 9605 7334 3264 1884
UMSCC - 1 WTp53 15690386 14763158 12814878 14422807 1467656 847352
UMSCC - 1 R175H 79811 2456 7330 29866 43323 25012
UMSCC - 1 C176F 776030 1149454 1141409 1022298 213312 123156
UMSCC - 1 R282W 3700902 4860217 6376710 4979277 1341871 774730

The mean value was calculated to find the standard deviation (StDEV) and standard

error of the mean (SEM).
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Figure 3:3 Representation of normalised mean values of p53 expression in UM SCC 1 cell lines.
Expression of p53 was normalised to loading control bands of Vinculin using Bio-Rad Image Lab

software. Error bars represent the standard error of the mean (SEM). [UM SCC -1 and UM SCC-1-
pBabe (p53 null), UM SCC-1 WTp53 (wild type), UM-SCC-1 R175, UM-SCC-1 C176F, UM-SCC-1
R282W (p53 mutant)].

There was no p53 expression in the p53-null UM SCC-1 and UM-SCC-1-pBabe cell
lines. In contrast, p53 expression was maximal in the UM SCC-1 WTp53 (wild-type)
with varying expression in cells transfected with three mutated p53 constructs. Of
these, p53 expression was lowest in R175H-expressing cell lines compared to cells

transfected with C176F and R282W mutants.
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The normalised mean values of TIGAR expression in UM SCC 1 isogenic cell lines

are given in Table 3.2, and the representative bar graphs are plotted in figure 3.4.

Table 3-2 The mean expression of TIGAR in UM SCC-1 isogenic cell lines

Gel 1 Gel 2 Gel 3 Average StDEV SEM
UMSCC-1 278802 405392 416448 366881 76478 44155
UMSCC -1 pBABE 310251 456590 254650 340497 104312 60225
UMSCC - 1 WTp53 537647 856419 580497 658188 173005 99885
UMSCC - 1 R175H 53775 120757 162569 112367 54880 31685
UMSCC - 1 C176F 76340 149459 80167 101989 41155 23761
UMSCC - 1 R282W 196882 362067 311295 290081 84611 48850

The mean value was calculated to find the standard deviation (StDEV) and standard

error of the mean (SEM).
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Figure 3:4 Representation of normalised mean values of TIGAR expression in UM SCC-1 cell
lines. Expression of TIGAR was normalised to loading control bands of Vinculin using Bio-Rad
Image Lab software. Error bars represent the standard error of the mean (SEM). [UM SCC -1 and
UM SCC-1-pBabe (p53 null), UM SCC-1 WTp53 (wild type), UM-SCC-1 R175, UM-SCC-1 C176F,
UM-SCC-1 R282W (p53 mutant)].

Higher TIGAR expression was seen in p53 null and wild-type cell lines compared to

the mutant cell lines.
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3.1.2 HK-2 expression in UM SCC-1 cell lines

Protein extracts were prepared from each cell line, harvested, and lysed as described
in section 2.2.3. 20ug of protein was analysed in each lane. Primary antibodies (as
mentioned in section 2.1.4) were used with appropriate secondary antibodies. Actin
was used as a loading control. Figure 3.5 shows the HK-2 expression in UM- SCC 1

isogenic cell lines.
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Figure 3:5 HK-2 expression in UM SCC 1 isogenic cell lines. Western blot showing protein
expression levels of HK-2 in UM SCC 1 isogenic cell lines. Actin served as a protein loading control.
The migration of protein standards of the indicated approximate molecular weight is shown in kDa.
UM SCC -1 and UM SCC-1-pBabe (p53 null), UM SCC-1 WTp53 (wild type), UM-SCC-1 R175H,
UM-SCC-1 C176F, UM-SCC-1 R282W (p53 mutant). These data are representative of one
experiment performed three times independently.

Images were analysed using Bio-Rad Image Lab 6.1 software and the intensity of
HK-2 expression was determined with background subtraction set as maximum and

then normalised to the intensity of the loading control protein for each lane (as

described in 2.3.7).
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The normalised mean values of HK-2 expression in UM SCC 1 isogenic cell lines

are given in Table 3.3, and the representative bar graphs are plotted in figure 3.6.

Table 3-3 The mean expression of HK-2 in UM SCC 1 isogenic cell lines

Gel 1
UMSCC-1 27687690
UMSCC -1 pBABE 32345492
UMSCC -1 WTp53 8212924
UMSCC - 1 R175H 5296242
UMSCC - 1 C176F 20812113
UMSCC - 1 R282W 7896775

Gel 2
27536940
32958231
7755671
5081497
21174416
7964600

Gel 3
31176650
35983547
10319124
9073289
9008234
7478398

Average
28800427
33762423

8762573
6483676
16998254
7779924

StDEV
2059250
1947795
1367263
2245239
6921932

263322

SEM
1188908
1124560
789390
1296290
3996379
152029

The mean value was calculated to find the standard deviation (StDEV) and standard

error of the mean (SEM).
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Figure 3:6 Representation of normalised mean values of HK-2 expression in UM SCC 1 cell
lines. Expression of HK-2 was normalised to loading control bands of Actin using Bio-Rad Image
Lab software. Error bars represent the standard error of the mean (SEM). [UM SCC -1 and UM SCC-
1-pBabe (p53 null), UM SCC-1 WTp53 (wild type), UM-SCC-1 R175, UM-SCC-1 C176F, UM-SCC-
1 R282W (p53 mutant)].

HK-2 expression was readily detectable in all the cell lines.
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3.1.3 p53 and TIGAR expression in UM SCC-17A and UM SCC-
11A & 11B cell lines

Protein extracts were prepared from each cell line, harvested, and lysed as described

in section 2.2.3. 20ug of protein was analysed in each lane. Primary antibodies (as

mentioned in section 2.1.4) were used with appropriate secondary antibodies.

Vinculin was used as a loading control (see figure 3.7). Figure 3.7 shows the p53 and

TIGAR expression in UM SCC-17A and UM SCC-11A & 11B cell lines.
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Figure 3:7 p53 and TIGAR expression in UM SCC-17A and UM SCC-11A & 11B cell lines.
Western blot showing protein expression levels of p53 and TIGAR in UM SCC-17A and UM SCC-
11A & 11B cell lines. Vinculin served as a protein loading control. The migration of protein standards
of the indicated approximate molecular weight is shown in kDa. UM SCC -17A and UM SCC-17A
lenti (p53 wild-type), UM SCC-17A shp53 (reduced expression of p53), UM SCC-11A (wild-type),

UM SCC-11B (p53 mutant). These data are representative of one experiment performed three times
independently.

Images were analysed using Bio-Rad Image Lab 6.1 software and the intensity of

p53 and TIGAR expression was determined with background subtraction set as
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maximum and then normalised to the intensity of the loading control protein for each

lane (as described in 2.3.7).

The normalised mean values of p53 expression in UM SCC-17A and UM SCC-11A

& 11B cell lines are given in Table 3.4, and the representative bar graphs are plotted

in figure 3.8.
Table 3-4 The mean expression of p53 in UM SCC-17A and UM SCC-11A & 11B cell lines

Gel 1 Gel 2 Gel 3 Average StDEV SEM

UMSCC-17A 1177385 833952 2579193 1530177 924561 533796

UMSCC 17A LENTI 1211823 1201699 2630009 1681177 821728 474425

UMSCC 17A sh p53 1549895 1216692 1392072 1386220 166679 96232

UMSCC 11A 9284129 11437607 7595329 9439022 1925816 1111870

UMSCC 11B 21419952 27603266 16185474 21736231 5715463 3299824

The mean value was calculated to find the standard deviation (StDEV) and standard

error of the mean (SEM).
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Figure 3:8 Representation of normalised mean values of p53 expression in UM SCC-17A and
UM SCC 11A & 11B cell lines. Expression of p53 was normalised to loading control bands of
Vinculin using Bio-Rad Image Lab software. Error bars represent the standard error of the mean
(SEM). [UM SCC -17A and UM SCC-17A lenti (p53 wild-type), UM SCC-17A shp53 (reduced
expression of p53), UM SCC-11A (wild-type), UM SCC-11B (p53 mutant)].

Increased p53 expression was seen in the UM SCC-11A and 11B cell lines. Slightly
higher p53 expression seen in UM SCC-17A and UM SCC-17A lenti compared to

the UM SCC-17A shp53.
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The normalised mean values of TIGAR expression in UM SCC-17A and UM SCC-
11A & 11B cell lines are given in Table 3.5, and the representative bar graphs are

plotted in figure 3.9.

Table 3-5 The mean expression of TIGAR in UM SCC-17A and UM SCC-11A & 11B cell lines

Gel 1 Gel 2 Gel 3 Average StDEV SEM
UMSCC-17A 3994112 3545984 7726180 5088759 2295038 1325041
UMSCC 17A LENTI 5028633 3877407 8330418 5745486 2311436 1334508
UMSCC 17A sh p53 2788624 3375052 3330750 3164808 326538 188527
UMSCC 11A 97607 63085 113670 91454 25847 14923
UMSCC 11B 121313 6657 17521 48497 63294 36543

The mean value was calculated to find the standard deviation (StDEV) and standard

error of the mean (SEM).
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Figure 3:9 Representation of normalised mean values of TIGAR expression in UM SCC-17A
and UM SCC 11A & 11B cell lines. Expression of TIGAR was normalised to loading control bands
of Vinculin using Bio-Rad Image Lab software. Error bars represent the standard error of the mean
(SEM). [UM SCC -17A and UM SCC-17A lenti (p53 wild-type), UM SCC-17A shp53 (reduced
expression of p53), UM SCC-11A (wild-type), UM SCC-11B (p53 mutant)].

Higher TIGAR expression seen in UM SCC 17A, UM SCC 17A lenti and UM SCC
17A shp53 cell lines.
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3.1.4 HK-2 expression in UM SCC-17A and UM SCC-11A & 11B
cell lines

Protein extracts were prepared from each cell line, harvested, and lysed as described

in section 2.2.3. 20ug of protein was analysed in each lane. Primary antibodies (as

mentioned in section 2.1.4) were used with appropriate secondary antibodies. Actin

was used as a loading control. Figure 3.10 shows the HK-2 expression in UM SCC-

17A and UM SCC-11A & 11B cell lines.
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Figure 3:10 HK-2 expression in UM SCC-17A and UM SCC-11A & 11B cell lines. Western blot
showing protein expression levels of HK-2 in UM SCC-17A and UM SCC-11A & 11B cell lines.
Actin served as a protein loading control. The migration of protein standards of the indicated
approximate molecular weight is shown in kDa. UM SCC -17A and UM SCC-17A lenti (p53 wild
type), UM SCC-17A shp53 (reduced expression of p53), UM SCC-11A (wild type), UM SCC-11B
(p53 mutant). These data are representative of one experiment performed three times independently.

Images were analysed using Bio-Rad Image Lab 6.1 software and the intensity of
HK-2 expression was determined with background subtraction set as maximum and
then normalised to the intensity of the loading control protein for each lane (as

described in 2.3.7).

97



Results

The normalised mean values of HK-2 expression in UM SCC-17A and UM SCC-
11A & 11B cell lines are given in Table 3.6, and the representative bar graphs are

plotted in figure 3.11.

Table 3-6 The mean expression of HK-2 in UM SCC-17A and UM SCC-11A & 11B cell lines

Gel 1 Gel 2 Gel 3 Average StDEV SEM
UMSCC-17A 23674376 19967428 12895778 18845861 5476128 3161644
UMSCC 17A LENTI 19812792 18925853 16439003 18392549 1748977 1009773
UMSCC 17A sh p53 7876854 16969471 14615997 13154107 4719297 2724687
UMSCC 11A 11172803 23241677 21617014 18677164 6549539 3781378
UMSCC 11B 29097966 32975178 26776632 29616592 3131649 1808058

The mean value was calculated to find the standard deviation (StDEV) and standard

error of the mean (SEM).
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Figure 3:11 Representation of normalised mean values of HK-2 expression in UM SCC-17A and
UM SCC 11A & 11B cell lines. Expression of HK-2 was normalised to loading control bands of
Actin using Bio-Rad Image Lab software. Error bars represent the standard error of the mean (SEM).
[UM SCC -17A and UM SCC-17A lenti (p53 wild-type), UM SCC-17A shp53 (reduced expression of
p53), UM SCC-11A (wild-type), UM SCC-11B (p53 mutant)].

HK-2 expression was readily detectable in all the cell lines.
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3.2 TMA set 1 -Immunohistochemistry analysis of p53 and
TIGAR

The details of TMA set 1, including the selection of samples, construction of TMA,
have been discussed in section 2.4.2.1. The scoring criteria for p53 and TIGAR
expression were discussed in section 2.4.4. For every protein expression analysis, we
have performed frequency distribution, Chi-square statistics, and survival analysis.

The layout of the TMA set 1 results is shown in table 3.7.

Table 3-7 The results layout of TMA set 1

p53 expression in TMA set 1
Frequency distribution
Chi-square statistics
Survival analysis

TIGAR expression in TMA
setl

Frequency distribution
Chi-square statistics
Survival analysis

Association between p53
and TIGAR expression in
TMA set 1

Chi-square statistics

3.2.1 p53 expressionin TMA set 1

The pattern of p53 expression in TMA set 1 is shown in figure 3.12.
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Figure 3:12 Immunohistochemical analysis of p53 expression in representative samples. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 1.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred p53
mutant (B) detailed image of the area indicated in blue in panel A (C) represents inferred wild-type
p53 (D) detailed image of the area indicated in blue in panel C (E) represents the absence of p53
staining in tumour cells (F) detailed image of the area indicated in blue in panel E
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3.2.1.1  Association of p53 expression with clinical variables in TMA set 1
We have observed 62.4% of ‘inferred p53 mutation’ in our immunohistochemical

analysis of TMA set 1 (see table 3.8).

Table 3-8 Frequency distribution of p53 expression in TMA set 1

Frequency Percentage (%)
No tumour 19 18.8
Inferred wild-type 19 18.8
Inferred mutant 63 62.4
Total 101 100

We analysed whether any association present between p53 expression with other
clinical variables like anatomical sites, T & N stage, differentiation, extracapsular

spread (ECS), and death (see table 3.9).

Table 3-9 Association between p53 expression and clinical variables in TMA set 1 (‘no tumour’
samples excluded)

Clinical variables p53 expression — TMA set 1
Inferred wild- Inferred mutant P- value
type
Anatomical sites
Oral cavity 17 (22.1) 60 (77.9) 0.357
Oropharynx 2 (40.0) 3 (60.0)
T stage
T1 1(25.0) 3(75.0) 0.914
T2 10 (21.7) 36 (78.3)
T3 1(16.7) 5(83.3)
T4 7 (28.0) 18 (72.0)
N stage
NO 7 (25.0) 21 (75.0) 0.882
N1 3(18.8) 13 (81.3)
N2 9 (24.3) 28 (75.7)
Differentiation
Well 2(22.2) 7 (77.8) 0.870
Moderate 16 (25.8) 46 (74.2)
Poor 1 (16.7) 5 (83.3)
ECS
Yes 8 (22.9) 27 (77.1) 0.912
No 11 (23.9) 35 (76.1)
Death
Yes 6 (30.0) 14 (70.0) 0.463
No 12 (21.8) 43 (78.2)

NOTE. Values are n (%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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3.21.2

Disease-specific survival analysis of p53 expression in TMA set 1

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between two categories of p53 expression: inferred wild-type and

inferred mutant type (see Table 3.10 for case processing summary) in TMA set 1.

Table 3-10 Case processing summary for survival analysis of p53 expression in TMA setl

p53 expression Total No No of deaths No of censored % of censored
cases
inferred wild- 18 6 12 66.7%
type
inferred mutant 57 14 43 75.4%
Overall 75 20 55 73.3%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between inferred wild-type and inferred mutant categories (see

figure 3.13).
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Figure 3:13 Disease-specific survival curve for inferred wild-type and inferred mutant samples in

TMA set 1
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Out of 101 samples, eight were from the oropharynx. To determine whether these
samples influence the survival analysis, we excluded the oropharynx samples and

then repeated the survival analysis (see table 3.11).

Table 3-11 Case processing summary for survival analysis of p53 expression in TMA set 1 —
after excluding oropharynx samples

p53 expression Total No No of deaths No of censored % of censored
cases

inferred wild- 16 6 10 62.5%

type

inferred mutant 51 14 37 72.5%

Overall 67 20 47 70.1%

Following this, still, we found no association between the p53 status and survival

analysis after excluding oropharynx cases (see figure 3.14).
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Figure 3:14 Disease-specific survival curve for p53 expression in TMA set 1 — after excluding
oropharynx samples
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3.2.2 TIGAR expressionin TMA set 1

The pattern of TIGAR expression in TMA set 1 is shown in figure 3.15.
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Figure 3:15 Immunohistochemical analysis of TIGAR expression in representative samples. A
tissue microarray (TMA) was stained using a rabbit polyclonal anti-TIGAR antibody (AB10545) as
described in section 2.4.3. This figure illustrates the magnified views of representative cores from
TMA set 1. Magnification is represented by the scale bar in the figure. (A) represents weak TIGAR
staining (B) detailed image of the area indicated in blue in panel A (C) represents strong TIGAR
staining (D) detailed image of the area indicated in blue in panel C
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3.2.2.1  Association of TIGAR expression with clinical variables in TMA set 1
We have observed 73.3% of strong TIGAR expression in our TMA set 1 sample

(see table 3.12).

Table 3-12 Frequency distribution of TIGAR expression in TMA set 1

Frequency Percentage (%)
No tumour 21 20.8
Weak staining 6 5.9
Strong staining 74 73.3
Total 101 100

We analysed whether any association present between TIGAR expression with other
clinical variables like anatomical sites, T & N stage, differentiation, extracapsular

spread (ECS), and death (see table 3.13).

Table 3-13 Association between TIGAR expression and clinical variables in TMA set 1 (‘no
tumour’ samples excluded)

TIGAR expression — TMA set 1
Weak staining Strong staining P- value
Anatomical sites
Oral cavity 6 (8.0) 69 (92.0) 0.511
Oropharynx 0 (0.0 5 (100.0)
T stage
T1 1(25.0) 3(75.0) 0.076
T2 1(2.2) 45 (97.8)
T3 0(0.0) 5 (100.0)
T4 4 (16.7) 20 (83.3)
N stage
N0 3(11.1) 24 (88.9) 0.694
N1 1(6.3) 15 (93.8)
N2 2 (5.6) 34 (94.4)
Differentiation
Well 2 (22.2) 7 (77.8) 0.214
Moderate 4 (6.6) 57 (93.4)
Poor 0(0.0) 5 (100.0)
ECS
Yes 3(8.3) 33 (91.7) 0.821
No 3(7.0) 40 (93.0)
Death
Yes 1(5.0) 19 (95.0) 0.701
No 4 (7.5) 49 (92.5)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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Disease-specific survival analysis of TIGAR expression in TMA set 1

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between two categories of TIGAR expression; weak and strong (see

Table 3.14 for case processing summary) in TMA set 1.

Table 3-14 Case processing summary for survival analysis of TIGAR expression in TMA setl

TIGAR Total No No of deaths No of censored % of censored
expression cases

Weak 5 1 4 80.0%
Strong 68 19 49 72.1%
Overall 73 20 53 72.6%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between weak and strong types of TIGAR expression (see

figure 3.16).
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Figure 3:16 Disease-specific survival curve for weak and strong TIGAR expression in

TMA set 1
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3.2.3 Correlation between p53 and TIGAR expression in TMA set 1

We analysed whether there is an association between p53 and TIGAR expression in
the samples of TMA set 1, and we found that there was no significant association

between p53 and TIGAR expression (see table 3.15).

Table 3-15 Correlation between p53 and TIGAR expression in TMA set 1

p53 expression

Inferred wild-type Inferred mutant
TIGAR Weak 2 4
expression Strong 17 56 P-value
0.580
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3.3 TMA set 2 - Immunohistochemistry analysis of p53, TIGAR
and HK-2

The details of TMA set 2, including the selection of samples and TMA construction
have been discussed in section 2.4.2.2. The scoring criteria for p53, TIGAR, and
HK-2 expression has been discussed in section 2.4.4. For every protein expression
analysis, we have performed frequency distribution, Chi-square statistics, and

survival analysis. The layout of the TMA set 2 results given in table 3.16.

Table 3-16 Layout of TMA set 2 IHC results

p53 expression in larynx and hypopharynx
Tumour core Advancing front
Frequency distribution Frequency distribution
Chi-square statistics Chi-square statistics
Survival analysis Survival analysis

Lymph node
Frequency distribution
Chi-square statistics
Survival analysis

p53 expression in the oropharynx

Tumour core Advancing front
Frequency distribution Frequency distribution
Chi-square statistics Chi-square statistics
Survival analysis Survival analysis

Lymph node
Frequency distribution
Chi-square statistics
Survival analysis

p53 expression in the oropharynx in relation to HPV status
Tumour core & advancing
front

Frequency distribution

Survival analysis

HK-2 expression in larynx and hypopharynx
Tumour core Advancing front

Lymph node

Frequency distribution

Frequency distribution

Frequency distribution

Chi-square statistics

Chi-square statistics

Chi-square statistics

Survival analysis

Survival analysis

Survival analysis

Association between p53 and HK-2 expression in larynx and hypopharynx —

Chi-square statistics

HK-2 expression in the oropharynx

Tumour core

Advancing front

Lymph node

Frequency distribution

Frequency distribution

Frequency distribution

Chi-square statistics

Chi-square statistics

Chi-square statistics

Survival analysis

Survival analysis

Survival analysis

Association between p53 and HK-2 expression in the oropharynx — Chi-square

statistics
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3.3.1 p53 expression in larynx and hypopharynx primaries

The pattern of p53 expression in larynx and hypopharynx primaries is shown in

figures 3.17 to 3.20.
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Figure 3:17 Immunohistochemical analysis of p53 expression in larynx samples. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred wild-type
p53 (B) detailed image of the area indicated in blue in panel A
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Figure 3:18 Immunohistochemical analysis of p53 expression in larynx samples. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred mutant
p53 (B) detailed image of the area indicated in blue in panel A
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Figure 3:19 Immunohistochemical analysis of p53 expression in hypopharynx samples. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred wild-type
p53 (B) detailed image of the area indicated in blue in panel A
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Figure 3:20 Immunohistochemical analysis of p53 expression in hypopharynx samples. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred mutant
p53 (B) detailed image of the area indicated in blue in panel A
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3.3.1.1  Association of p53 expression with clinical variables in tumour core
samples of larynx and hypopharynx

We have observed 64.6% of ‘inferred p53 mutation’ in tumour core samples of

larynx and hypopharynx primaries in TMA set 2 (see table 3.17).

Table 3-17 Frequency distribution of p53 expression in tumour core samples of larynx and

hypopharynx
Frequency Percentage (%)
No tumour 4 4.0
Inferred wild-type 24 24.2
Inferred mutant 64 64.6
Missing 7 7.1
Total 99 100

We analysed whether any association between p53 expression in tumour core

samples of larynx and hypopharynx with known clinical variables (see table 3.18).

Table 3-18 Association between p53 expression in tumour core and clinicopathological variables
in larynx and hypopharynx (‘no tumour’ samples excluded)

p53 expression — tumour core
Inferred wild- Inferred mutant P- value
type
Anatomical sites
Larynx 21(31.3) 46 (68.7) 0.139
Hypopharynx 2(13.3) 13 (86.7)
Larynx and Hypopharynx combined 0(0.0) 5 (100.0)
T stage
T1 1 (16.7) 5 (83.3) 0.653
T2 3(16.7) 15 (83.3)
T3 10 (30.3) 23 (69.7)
T4 9 (30.0) 21 (70.0)
N stage
NO 13 (31.0) 29 (69.0) 0.754
N1 2 (22.2) 7(77.8)
N2 9(24.3) 28 (75.7)
Differentiation
Well 5 (35.7) 9 (64.3) 0.396
Moderate 10 (21.3) 37(78.7)
Poor 9 (33.3) 18 (66.7)
Invasive front
Cohesive 6 (27.3) 16 (72.7) 0.918
Non-cohesive 17 (26.2) 48 (73.8)
Vascular invasion
Yes 4 (14.3) 24 (85.7) 0.062
No 20 (33.3) 40 (66.7)
Nerve invasion
Yes 6 (21.4) 22 (78.6) 0.376
No 18 (30.5) 41 (69.5)
ECS
Yes 7 (25.9) 20 (74.1) 0.703
No 4(21.1) 15 (78.9)
Death
Yes 11 (33.3) 22 (66.7) 0.254
No 12 (22.2) 42 (77.8)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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3.3.1.2  Association of p53 expression with clinical variables in advancing
front samples of larynx and hypopharynx

We have observed 49.5% of ‘inferred p53 mutation’ in advancing front samples

from larynx and hypopharynx primaries in TMA set 2 (see table 3.19).

Table 3-19 Frequency distribution of p53 expression in advancing front of larynx and

hypopharynx
Frequency Percentage (%)
No tumour 19 19.2
Inferred wild-type 27 27.3
Inferred mutant 49 495
Missing 4 4.0
Total 99 100

We analysed whether any association between p53 expression in advancing front

samples of larynx and hypopharynx with known clinical variables (see table 3.20).

Table 3-20 Association between p53 expression in advancing front and clinicopathological
variables in larynx and hypopharynx (‘no tumour’ samples excluded)

p53 expression — advancing front
Inferred wild- Inferred mutant P- value
type
Anatomical sites
Larynx 22 (40.0) 33(60.0) 0.471
Hypopharynx 4 (26.7) 11 (73.3)
Larynx and Hypopharynx combined 1 (20.0) 4 (80.0)
T stage
T1 1 (333) 2 66.7) 0.307
T2 2 (14.3) 12 (85.7)
T3 11 (40.7) 16 (59.3)
T4 13 (41.9) 18 (58.1)
N stage
NO 12 (40.0) 18 (60.0) 0.478
N1 5 (45.5) 6 (54.5)
N2 10 (28.6) 25 (71.4)
Differentiation
Well 5(41.7) 7 (58.3) 0.570
Moderate 12 (30.0) 28 (70.0)
Poor 10 (41.7) 14 (58.3)
Invasive front
Cohesive 5(31.3) 11 (68.8) 0.655
Non-cohesive 22(37.3) 37(62.7)
Vascular invasion
Yes 7(25.0) 21 (75.0) 0.143
No 20 (41.7) 28 (58.3)
Nerve invasion
Yes 12 (52.2) 11 (47.8) 0.060
No 15 (29.4) 36 (70.6)
ECS
Yes 6 (23.1) 20 (76.9) 0.088
No 9 (47.4) 10 (52.6)
Death
Yes 15 (45.5) 18 (54.5) 0.082
No 11 (26.2) 31 (73.8)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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3.3.1.3  Disease-specific survival analysis of p53 expression in tumour core

samples of larynx and hypopharynx
Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the
survival period between two categories of p53 expression in tumour core samples of
larynx and hypopharynx; inferred mutant and inferred wild-type (see Table 3.21 for

case processing summary) in TMA set 2.

Table 3-21 Case processing summary for survival analysis of p53 expression in tumour core
samples of larynx and hypopharynx samples

p53 expression Total No No of deaths No of censored Percentage

inferred wild-type 14 10 4 28.6%
inferred mutant 33 22 11 33.3%
Overall 47 32 15 31.9%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between inferred wild-type and inferred mutant types (see

figure 3.21).
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Figure 3:21 Disease-specific survival curve for inferred wild-type and inferred mutant categories in
tumour core samples of larynx and hypopharynx
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front samples from larynx and hypopharynx

Disease-specific survival analysis of p53 expression in the advancing

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between two categories of p53 expression in advancing front samples

of larynx and hypopharynx; inferred mutant and inferred wild-type (see Table 3.22

for case processing summary) in TMA set 2.

Table 3-22 Case processing summary for survival analysis of p53 expression in advancing front
samples of larynx and hypopharynx samples

p53 expression Total No No of deaths No of censored % of censored
cases

inferred wild-type 16 14 2 12.5%

inferred mutant 29 18 11 37.9%

Overall 45 32 13 28.9%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between inferred wild-type and inferred mutant types (see

figure 3.22).
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P —value - 0.034*

Figure 3:22 Disease-specific survival curve for inferred wild-type and inferred mutant categories in
advancing front samples of larynx and hypopharynx (* statistically significant at 5%0)
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3.3.2 p53 expression in larynx and hypopharynx lymph nodes
Out of 99 larynx and hypopharynx samples, 31 samples were lymph node-positive.
The pattern of p53 expression in lymph node samples of larynx and hypopharynx

was represented in figures 3.23 and 3.24, respectively.
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Figure 3:23 Immunohistochemical analysis of p53 expression in larynx lymph nodes. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred wild-type
p53 (B) detailed image of the area indicated in blue in panel A (C) represents inferred mutant p53 (D)
detailed image of the area indicated in blue in panel C
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Figure 3:24 Immunohistochemical analysis of p53 expression in hypopharynx lymph nodes. A
tissue microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in
section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred wild-type
p53 (B) detailed image of the area indicated in blue in panel A (C) represents inferred mutant p53 (D)
detailed image of the area indicated in blue in panel C

117




Results

Association of p53 expression with clinical variables in lymph nodes
samples of larynx and hypopharynx

3321

We have observed 83.9% of ‘inferred p53 mutation’ in the larynx, and hypopharynx

lymph nodes in TMA set 2 (see table 3.23).

Table 3-23 Frequency distribution of p53 expression in lymph nodes of larynx and hypopharynx

Frequency Percentage (%)
No tumour 3 9.7
Inferred wild-type 2 6.5
Inferred mutant 26 83.9
Total 31 100

We analysed whether any association present between p53 expression in lymph node

samples of larynx and hypopharynx with known clinical variables (see table 3.24).

Table 3-24 Association between p53 expression in lymph nodes of larynx and hypopharynx and
clinicopathological variables (‘no tumour’ samples excluded)

p53 expression — lymph nodes
Inferred wild- Inferred mutant P- value
type
Anatomical sites
Larynx 0 (0.0) 16 (100.0) 0.144
Hypopharynx 2 (20.0) 8 (80.0)
Larynx and Hypopharynx combined 0(0.0) 2 (100.0)
T stage
T1 0 (0.0) 1 (100.0) 0.442
T2 1(25.0) 3(75.0)
T3 0(0.0) 9 (100.0)
T4 1 (7.) 13 (92.9)
N stage
N1 0 (0.0) 5 (100.0) 0.494
N2 2(8.7) 21 (91.3)
Differentiation
Well 0(0.0) 0(0.0) 1.000
Moderate 1(7.1) 13 (92.9)
Poor 1(7.1) 13 (92.9)
Invasive front
Cohesive 0(0.0) 6 (100.0) 0.586
Non-cohesive 1(4.8) 20(95.2)
Vascular invasion
Yes 0(0.0) 13 (100.0) 0172
No 2(13.3) 13 (86.7)
Nerve invasion
Yes 1(10.0) 9 (90.0) 0.693
No 1(5.9) 16 (94.1)
ECS
Yes 2 (13.3) 13 (86.7) 0.189
No 0 (0.0) 12 (100.0)
Death
Yes 1 (6.3) 15 (93.8) 0.832
No 1(8.3) 11 (91.7)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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3.3.2.2  Disease-specific survival analysis of p53 expression in larynx and

hypopharynx lymph nodes
Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the
survival period between two categories of p53 expression in lymph nodes samples in
larynx and hypopharynx; inferred mutant and inferred wild-type (see Table 3.25) for

case processing summary in TMA set 2.

Table 3-25 Case processing summary for survival analysis of p53 expression in lymph nodes
samples of larynx and hypopharynx

p53 expression Total No No of deaths No of censored % of censored
cases

inferred wild-type 1 1 0 0.0%

inferred wild-type 22 15 7 31.8%

Overall 23 16 7 30.4%

A log-rank test was conducted to determine whether there were any differences in the
survival distributions between inferred wild-type and inferred mutant types in lymph

nodes samples (see figure 3.25).
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Figure 3:25 Disease-specific survival curve for inferred wild-type and inferred mutant samples from
lymph nodes of larynx and hypopharynx
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3.3.3 p53 expression in oropharynx primaries

The pattern of p53 expression in oropharynx primaries was represented in figures

3.26.
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Figure 3:26 Immunohistochemical analysis of p53 expression in oropharynx primaries. A tissue
microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred wild-type
p53 (B) detailed image of the area indicated in blue in panel A (C) represents inferred mutant p53 (D)
detailed image of the area indicated in blue in panel C
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3.3.3.1  Association of p53 expression with clinical variables in tumour core
samples of the oropharynx

We have observed 72.6% of ‘inferred p53 mutation’ in tumour core samples of

oropharynx primaries in TMA set 2 (see table 3.26).

Table 3-26 Frequency distribution of p53 expression in tumour core samples of the oropharynx

Frequency Percentage (%)
No tumour 1 1.6
Inferred wild-type 14 22.6
Inferred mutant 45 72.6
Missing 2 3.2
Total 62 100

We analysed whether any association present between p53 expression in tumour core

samples of oropharynx primaries with known clinical variables (see table 3.27).

Table 3-27 Association between p53 expression in tumour core samples and clinicopathological
variables in the oropharynx (‘no tumour’ samples excluded)

p53 expression— tumour core
Inferred wild-type Inferred mutant P- value
Anatomical sites
Tonsil 5 (14.7) 29 (85.3) 0.011*
Tongue base 4 (22.2) 14 (77.8)
Palate 4 (80.0) 1 (20.0)
Posterior pharyngeal wall 1 (50.0) 1 (50.0)
T stage
T1 1 (11.1) 8 (88.9) 0.399
T2 8 (23.5) 26 (76.5)
T3 5 (35.7) 9 (64.3)
N stage
N O 2 (28.6) 5 (71.4) 0.692
N1 3 (33.3) 6 (66.7)
N2 9(20.9) 34 (79.1)
Differentiation
Well 1 (33.3) 2 (66.7) 0.734
Moderate 4 (30.8) 9(69.2)
Poor 9 (214 33 (78.6)
Invasive front
Cohesive 5(21.7) 18 (78.3) 0.729
Non-cohesive 9 (25.7) 26 (74.3)
Vascular invasion
Yes 4 (25.0) 12 (75.0) 0.889
No 10 (23.3) 33 (76.7)
Nerve invasion
Yes 2(22.2) 7(77.8) 0.908
No 12 (24.0) 38 (76.0)
ECS
Yes 6 (25.0) 18 (75.0) 0.761
No 6 (21.4) 22 (78.6)
Death
Yes 6 (50.0) 6 (50.0) 0.017*
No 8 (17.0) 39 (83.0)

NOTE. Values are n (%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
(*statistically significant at 5%)
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3.3.3.2  Association of p53 expression with clinical variables in the advancing
front samples of the oropharynx

We have observed 50.0% of ‘inferred p53 mutation’ in oropharynx primaries in

TMA set 2 (see table 3.28).

Table 3-28 Frequency distribution of p53 in advancing front of the oropharynx

Frequency Percentage (%)
No tumour 13 21.0
Inferred wild-type 14 22.6
Inferred mutant 31 50.0
Missing 4 6.5
Total 62 100

We analysed whether any association present between p53 expression in samples
from the advancing front of the oropharynx with known clinical variables (see table

3.29).

Table 3-29 Association between p53 expression in the advancing front samples of the
oropharynx and clinicopathological variables (‘no tumour’ samples excluded)

p53 — advancing front
Inferred wild-type Inferred mutant P- value
Anatomical sites
Tonsil 4 (16.7) 20 (83.3) 0.015*
Tongue base 5 (33.3) 10 (66.7)
Palate 3 (75.0) 1 (25.0)
Posterior pharyngeal wall 2 (100.0) 0 (0.0)
T stage
T1 1 (14.3) 6 (85.7) 0.529
T2 9 (36.0) 16 (64.0)
T3 4 (36.4) 7 (63.6)
N stage
NO 2 (50.0) 2 (50.0) 0.150
N1 4 (57.1) 3(42.9)
N2 8 (23.5) 26 (76.5)
Differentiation
Well 0 (0.0 2 (100.0) 0.596
Moderate 4(30.8) 9 (69.2)
Poor 10 (34.5) 19 (65.5)
Invasive front
Cohesive 4(22.2) 14 (77.8) 0.256
Non-cohesive 10 (38.5) 16 (61.5)
Vascular invasion
Yes 2 (16.7) 10 (83.3) 0.207
No 12 (36.4) 21 (63.6)
Nerve invasion
Yes 3(50.0) 3(50.0) 0.283
No 11 (28.2) 28 (71.8)
ECS
Yes 6 (31.6) 13 (68.4) 0.763
No 6 (27.3) 16 (72.7)
Death
Yes 4 (40.0) 6 (60.0) 0.491
No 10 (28.6) 25 (71.4)

NOTE. Values are n (%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
(* represents statistically significant value)
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3.3.3.3

samples of the oropharynx

Disease-specific survival analysis of p53 expression in tumour core

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between two categories of p53 expression in tumour core samples of

oropharynx, namely, inferred wild-type and inferred mutant (see Table 3.30 for case

processing summary) in TMA set 2.

Table 3-30 Case processing summary for survival analysis of p53 expression in tumour core
samples of the oropharynx

p53 expression Total No No of deaths No of censored % of censored
cases
inferred wild-type 12 4 8 66.7%
inferred mutant 45 6 39 86.7%
Overall 57 10 47 82.5%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between inferred wild-type and inferred mutant types (see

figure 3.27).
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Figure 3:27 Disease-specific survival curve for inferred wild-type and inferred mutant categories in

the tumour core samples of oropharynx
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3.3.34

front samples from the oropharynx

Disease-specific survival analysis of p53 expression in advancing

Kaplan-Meier survival analysis was conducted as described in 2.4.5 to compare the

survival period between two categories of p53 expression in advancing front samples

of oropharynx, namely, inferred wild-type and inferred mutant (see Table 3.31 for

case processing summary) in TMA set 2.

Table 3-31 Case processing summary for survival analysis of p53 expression in advancing front
samples of the oropharynx

p53 expression Total No No of deaths No of censored % of censored
cases

inferred wild-type 14 4 10 71.4%

inferred mutant 30 5 25 83.3%

Overall 44 9 35 79.5%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between inferred wild-type and inferred mutant types (see

figure 3.28).
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Figure 3:28 Disease-specific survival curve for inferred wild-type and inferred mutant in the
advancing front samples from oropharynx
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3.3.4 p53 expression in oropharynx lymph nodes

The pattern of p53 expression in lymph node samples in the oropharynx was

represented in figures 3.29.
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Figure 3:29 Immunohistochemical analysis of p53 expression in oropharynx lymph nodes. A
tissue microarray (TMA) was stained using a mouse monoclonal antibody (DO-7) as described in
section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents inferred wild-type
p53 (B) detailed image of the area indicated in blue in panel A (C) represents inferred mutant p53 (D)

detailed image of the area indicated in blue in panel C
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3.3.4.1  Association of p53 expression with clinical variables in oropharynx

lymph nodes
We have observed 79.3% of ‘inferred p53 mutation’ in lymph nodes samples from

the oropharynx in TMA set 2 (see table 3.32).

Table 3-32 Frequency distribution of p53 expression in lymph nodes of the oropharynx

Frequency Percentage (%)
No tumour 1 34
Inferred wild-type 5 17.2
Inferred mutant 23 79.3
Total 29 100

We analysed whether any association present between p53 expression in the lymph

nodes samples from the oropharynx with known clinical variables (see table 3.33).

Table 3-33 Association between p53 expression in lymph nodes and clinicopathological variables
in the oropharynx (‘no tumour’ samples excluded)

p53 expression — lymph nodes
Inferred Inferred P- value
wild-type mutant
Anatomical sites
Tonsil 3(20.0) 12 (80.0) 0.786
Tongue base 2 (18.2) 9 (81.8)
Palate 0 (0.0 0 (0.0
Posterior pharyngeal wall 0 (0.0 2 (100.0)
T stage
T1 1 (20.0) 4 (80.0) 0.989
T2 3(18.8) 13 (81.3)
T3 1 (16.7) 5 (83.3)
N stage
N1 0 (0.0 5 (100.0) 0.250
N2 5(21.7) 18 (78.3)
Differentiation
Well 1 (100.0) 0 (0.0 0.058
Moderate 0 (0.0 5 (100.0)
Poor 4 (18.2) 18 (81.8)
Invasive front
Cohesive 2 (16.7) 10 (83.3) 0.887
Non-cohesive 3(18.8) 13 (81.3)
Vascular invasion
Yes 2 (20.0) 8 (80.0) 0.825
No 3 (16.7) 15 (83.3)
Nerve invasion
Yes 1(16.7) 5 (83.3) 0.932
No 4 (18.2) 18 (81.8)
ECS
Yes 2 (15.4) 11 (84.6) 0.750
No 3 (20.0) 12 (80.0)
Death
Yes 1 (14.3) 6 (85.7) 0.776
No 4 (19.0) 17 (81.0)

NOTE. Values are n (%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square
test.
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3.3.4.2  Disease-specific survival analysis of p53 expression in oropharynx
lymph nodes

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between two categories of p53 expression in lymph nodes samples of

oropharynx, namely, inferred mutant and inferred wild-type (see Table 3.34 for case

processing summary) in TMA set 2.

Table 3-34 Case processing summary for survival analysis of p53 expression in lymph nodes
samples of the oropharynx

p53 expression Total No No of deaths No of censored % of censored
cases
inferred wild-type 4 0 4 100.0%
inferred mutant 23 6 17 73.9%
Overall 27 6 21 77.8%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between inferred wild-type and inferred mutant types (see

figure 3.30).
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Figure 3:30 Disease-specific survival curve for inferred wild-type and inferred mutants in lymph
nodes samples of oropharynx
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3.3.5 p53 expression in relation to HPV status in oropharynx
primaries
Out of 62 oropharynx samples in TMA set 2, forty-five cases were HPV +ve, and

fifteen cases were HPV -ve (missing 2 cases).

3.3.5.1  Frequency distribution of p53 expression in HPV positive
oropharynx primaries (tumour core and advancing front samples)

We have noticed 80% of ‘inferred p53 mutant’ levels in the tumour core samples of

HPV positive cases (see table 3.35).

Table 3-35 p53 Frequency distribution of tumour core samples in relation to HPV status

(missing - 3)
HPV negative HPV positive Total
No tumour 0 (0.0%) 1 (100.0%) 1
Wild type 6 (46.2%) 7 (53.8%) 13
Mutant 9 (20.0%) 36 (80.0%) 45
Total 15 (25.4%) 44 (74.6%) 59 (100.0%

We have noticed 83.9% of ‘inferred p53 mutant’ levels in the advancing front

samples of HPV positive cases (see table 3.36).

Table 3-36 Frequency distribution of advancing front samples in relation to HPV status

(missing — 5)
HPV negative HPV positive Total
No tumour 4 (33.3%) 8 (66.7%) 12
Wild type 6 (42.9%) 8 (57.1%) 14
Mutant 5 (16.1%) 26 (83.9%) 31
Total 15 (26.3%) 42 (73.7%) 57 (100.0%)
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3.3.5.2

Disease-specific survival analysis between HPV positive and negative
cases in the oropharynx

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between HPV positive and HPV negative cases in oropharynx

samples (see Table 3.37 for case processing summary) in TMA set 2.

Table 3-37 Case processing summary — HPV status in oropharynx samples

HPV status Total No No of deaths No of censored % of censored
cases

Negative 14 7 7 50.0%

Positive 44 3 41 93.2%

Overall 58 10 48 82.8%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between HPV positive and HPV negative cases (see figure
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Figure 3:31 Disease-specific survival curve for HPV positive and HPV negative cases in oropharynx
samples (* statistically significant at 5%)
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3.3.6 TIGAR expression in TMA set 2

The immunohistochemical method for TIGAR staining was discussed in section

2.4.3. Examples of TMA slides with TIGAR staining were shown in section 2.4.2.2.

We observed ‘strong’ TIGAR expression in most of the tumour samples (99% in the
advancing front of the tumours, 99% in the tumour core samples, and 100% in the

neck nodes).

Since nearly all samples display high levels of TIGAR expression, it is not
possible to compare strong and weak expressors, and TIGAR expression was

not considered for further statistical analysis.

The following figure 3.32 shows the examples of strong TIGAR staining in the

larynx, hypopharynx, and oropharynx samples.
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300um

300um

300um

Figure 3:32 Immunohistochemical analysis of TIGAR expression TMA set 2. A tissue microarray
(TMA) was stained using a purified rabbit polyclonal antibody (AB10545), as described in section
2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents TIGAR
expression in larynx primary tumour (B) represents TIGAR expression in hypopharynx primary
tumour (C) represents TIGAR expression in oropharynx primary tumour
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3.3.7 HK-2 expression in larynx and hypopharynx primaries

The pattern of HK-2 expression in larynx primaries is shown in figure 3.33.

[ 300um

[ 300um

microarray (TMA) was stained using a mouse monoclonal HK-2 antibody (Novus) as described in
section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents score 1 (weak
staining) (B) detailed image of the area indicated in blue in panel A (C) represents score 2 (moderate
staining) (D) detailed image of the area indicated in blue in panel C (E) represents score 3 (strong
staining) (F) detailed image of the area indicated in blue in panel E
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The pattern of HK-2 expression in hypopharynx primaries is shown in figure 3.34.

Figure 3:34 Immunohistochemical analysis of HK-2 expression in hypopharynx primaries. A
tissue microarray (TMA) was stained using a mouse monoclonal HK-2 antibody (Novus) as described
in section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents score 1 (weak
staining) (B) detailed image of the area indicated in blue in panel A (C) represents score 2 (moderate
staining) (D) detailed image of the area indicated in blue in panel C (E) represents score 3 (strong
staining) (F) detailed image of the area indicated in blue in panel E
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3.3.7.1  Association of HK-2 expression with clinical variables in tumour core

samples of larynx and hypopharynx
We have observed 42.4% of ‘strong HK-2 expression’ in the tumour core samples

of larynx and hypopharynx primaries in TMA set 2 (see table 3.38).

Table 3-38 Frequency distribution of HK-2 expression in tumour core samples of larynx and

hypopharynx
Frequency Percentage (%)
No tumour 4 4.0
Weak 0 0.0
Moderate 46 46.5
Strong 42 42.4
Missing 7 7.1
Total 99 100

We analysed whether any association present between HK-2 expression in tumour
core samples of larynx and hypopharynx with known clinical variables (see table

3.39).

Table 3-39 Association between HK-2 expression in tumour core samples of larynx and
hypopharynx and clinicopathological variables (‘no tumour’ samples excluded)

HK 2 expression — tumour core
Moderate Strong P-value
Anatomical sites
Larynx 41 (61.2) 26 (38.8) 0.017*
Hypopharynx 4 (26.7) 11 (73.3)
Larynx and Hypopharynx combined 1 (20.0) 4 (80.0)
T stage
T1 2 (33.3) 4 (66.7) 0.276
T2 7(38.9) 11 (61.1)
T3 21 (63.6) 12 (36.4)
T4 16 (53.3) 14 (46.7)
N stage
NO 27 (64.3) 15 (35.7) 0.023*
N1 6 (66.7) 3 (33.3)
N2 13(35.1) 24 (64.9)
Differentiation
Well 11 (78.6) 3 (21.4) 0.041*
Moderate 25(53.2) 22 (46.8)
Poor 10 (37.0) 17 (63.0)
Invasive front
Cohesive 11 (50.0) 11 (50.0) 0.851
Non-cohesive 34 (52.3) 31(47.7)
Vascular invasion
Yes 10 (35.7) 18 (64.3) 0.034*
No 36 (60.0) 24 (40.0)
Nerve invasion
Yes 17 (60.7) 11 (39.3) 0.313
No 29 (49.2) 30 (50.8)
ECS
Yes 11 (40.7) 16 (59.3) 0.655
No 9 (47.4) 10 (52.6)
Death
Yes 19 (57.6) 14 (42.4) 0.393
No 26 (48.1) 28 (51.9)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test. (*statistically

significant at 5%)
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3.3.7.2  Association of HK-2 expression with clinical variables in advancing
front samples of larynx and hypopharynx

We have observed 28.3% of ‘strong HK-2 expression’ in the advancing front

samples of larynx and hypopharynx primaries in TMA set 2 (see table 3.40).

Table 3-40 Frequency distribution of HK-2 expression in the advancing front of larynx and

hypopharynx
Frequency Percentage (%)
No tumour 19 19.2
Weak 2 2.0
Moderate 47 475
Strong 28 28.3
Missing 3 3.0
Total 99 100

We analysed whether any association present between HK-2 expression in advancing
front samples of larynx and hypopharynx with known clinical variables (see table
3.41).

Table 3-41 Association between HK-2 expression in advancing front samples of larynx and
hypopharynx and clinicopathological variables (‘no tumour’ samples excluded)

HK-2 expression — advancing front
Weak Moderate Strong P-value
Anatomical sites
Larynx 1(1.8) 40(70.2) | 16(28.1)
Hypopharynx 1(6.7) 4 (26.7) 10 (66.7) 0.041*
Larynx and hypopharynx combined 0(0.0) 2 (50.0) 2 (50.0)
T stage
T1 1(25.0) 2 (50.0) 1(25.0)
T2 0 (0.0) 6 (42.9) 8 (57.1) 0.064
T3 1 (36) 18 (64.3) | 9 (32.1)
T4 0 (0.0 20 (66.7) 10 (33.3)
N stage
NO 1(3.1) 23 (71.9) 8 (25.0)
N1 0(0.0) 6 (54.5) 5 (45.5) 0.502
N2 1(2.9) 18(52.9) | 15(44.1)
Differentiation
Well 1(8.3) 8 (66.7) 3(25.0) 0.333
Moderate 0 (0.0) 27 (65.9) 14 (34.1)
Poor 1(4.2) 12 (50.0) | 11 (45.8)
Invasive front
Cohesive 0 (0.0) 10 (58.8) 7(41.2) 0.669
Non-cohesive 2 (3.4) 37 (62.7) 20 (33.9)
Vascular invasion
Yes 1(3.7) 12 (44.4) | 14 (51.9) 0.090
No 1(2.0) 35(70.0) | 14(28.0)
Nerve invasion
Yes 0(0.0) 17 (73.9) 6 (26.1) 0.323
No 2(3.8) 30 (57.7) 20 (38.5)
ECS
Yes 1(4.0) 13(52.0) | 11 (44.0) 0.658
No 0(0.0) 11 (57.9) 8(42.1)
Death
Yes 1(3.0) 21 (63.6) 11 (33.3) 0.851
No 1(2.3) 25(58.1) 17 (39.5)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
(*statistically significant at 5%)
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3.3.7.3

samples of larynx and hypopharynx

Disease-specific survival analysis of HK-2 expression in tumour core

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the

survival period between two categories of HK-2 expression in tumour core samples

of larynx and hypopharynx namely, moderate and strong (see Table 3.42 for case

processing summary) in TMA set 2.

Table 3-42 Case processing summary for survival analysis of HK-2 expression in tumour core
samples of larynx and hypopharynx

HK-2 expression Total No No of deaths No of censored % of censored
cases
Moderate 22 18 4 18.2%
Strong 25 14 11 44.0%
Overall 47 32 15 31.9%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between moderate and strong categories (see figure 3.35).
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Figure 3:35 Disease-specific survival curve for moderate and strong categories of HK-2 expression in
tumour core samples of larynx and hypopharynx
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3.3.7.4  Disease-specific survival analysis of HK-2 expression in advancing
front samples of larynx and hypopharynx

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the
survival period among three categories of HK-2 expression (weak, moderate and

strong) in advancing front samples of larynx and hypopharynx (see Table 3.43 for

case processing summary) in TMA set 2.

Table 3-43 Case processing summary for survival analysis of HK-2 expression in advancing
front samples of larynx and hypopharynx

HK-2 expression Total No No of deaths No of censored % of censored
cases
Weak 1 1 0 0.0%
Moderate 30 21 9 30.0%
Strong 14 10 4 28.6%
Overall 45 32 13 28.9%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions among weak, moderate and strong categories (see figure 3.36).
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Figure 3:36 Disease-specific survival curve for weak, moderate, and strong categories in the
advancing front samples of larynx and hypopharynx
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3.3.8 HK-2 expression in larynx and hypopharynx lymph nodes

The pattern of HK-2 expression in lymph node samples of larynx and hypopharynx

was represented in figures 3.37 and 3.38, respectively.
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Figure 3:37 Immunohistochemical analysis of HK-2 expression in larynx lymph nodes. A tissue
microarray (TMA) was stained using a mouse monoclonal HK-2 antibody (Novus) as described in
section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents score 2 (moderate
staining) (B) detailed image of the area indicated in blue in panel A (C) represents score 3 (strong
staining) (D) detailed image of the area indicated in blue in panel C
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AL

Figure 3:38 Immunohistochemical analysis of HK-2 expression in hypopharynx lymph nodes. A
tissue microarray (TMA) was stained using a mouse monoclonal HK-2 antibody (Novus) as described
in section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents score 2 (moderate
staining) (B) detailed image of the area indicated in blue in panel A (C) represents score 3 (strong
staining) (D) detailed image of the area indicated in blue in panel C
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3.3.8.1  Association of HK-2 expression with clinical variables in lymph nodes
samples of larynx and hypopharynx

We have observed 61.3% of ‘strong HK-2’ expression in the lymph nodes samples

of larynx and hypopharynx in TMA set 2 (see table 3.44).

Table 3-44 Frequency distribution of HK-2 expression in lymph nodes of larynx and

hypopharynx
Frequency Percentage (%)
No tumour 3 9.7
Weak 0 0.0
Moderate 9 29.0
Strong 19 61.3
Total 31 100

We analysed whether any association present between HK-2 expression in lymph
nodes samples from the larynx and hypopharynx with known clinical variables (see

table 3.45).

Table 3-45 Association between HK-2 expression in lymph nodes samples of larynx and
hypopharynx and clinicopathological variables (‘no tumour’ samples excluded)

HK 2 expression — Lymph nodes
Moderate Strong P- value
Anatomical sites
Larynx 5(31.3) 11 (68.8) 0.852
Hypopharynx 3 (30.0) 7 (70.0)
Larynx and Hypopharynx combined 1 (50.0) 1 (50.0)
T stage
T1 0 (0.0 1 (100.0) 0.766
T2 2 (50.0) 2 (50.0)
T3 3(33.3) 6 (66.7)
T4 4 (28.6) 10 (71.4)
N stage
N1 1(20.0) 4 (80.0) 0.521
N2 8 (34.8) 15 (65.2)
Differentiation
Moderate 5(35.7) 9 (64.3) 0.686
Poor 4 (28.6) 10 (71.4)
Invasive front
Cohesive 1(16.7) 5(83.3) 0.326
Non-cohesive 8(38.1) 13 (61.9)
Vascular invasion
Yes 4 (30.8) 9(69.2) 0.885
No 5(33.3) 10 (66.7)
Nerve invasion
Yes 5 (50.0) 5 (50.0) 0.159
No 4 (23.5) 13 (76.5)
ECS
Yes 4 (26.7) 11 (73.3) 0.411
No 5 (41.7) 7 (58.3)
Death
Yes 6 (37.5) 10 (62.5) 0.483
No 3 (25.0) 9 (75.0)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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3.3.8.2  Disease-specific survival analysis HK-2 expression in lymph nodes

samples of larynx and hypopharynx
Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the
survival period between two categories of HK-2 expression; moderate and strong in
lymph node samples of larynx and hypopharynx (see Table 3.46 for case processing

summary) in TMA set 2.

Table 3-46 Case processing summary for survival analysis of HK-2 expression in lymph nodes of
larynx and hypopharynx

HK-2 expression Total No No of deaths No of censored % of censored
cases
Moderate 8 6 2 25.0%
Strong 15 10 5 33.3%
Overall 23 16 7 30.4%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between moderate and strong categories (see figure 3.39).
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Figure 3:39 Disease-specific survival curve for moderate and strong categories of HK-2 expression in
lymph nodes samples of larynx and hypopharynx
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3.3.9 Analysis of association between p53 and HK-2 expression in

larynx and hypopharynx samples

3.3.9.1  Association between p53 and HK-2 expression in tumour core
samples of larynx and hypopharynx

The correlation between HK-2 and p53 expression in the tumour core samples of
larynx and hypopharynx is given in Table 3.47 and shows that there is a significant
association (P=0.003) which demonstrates that patients with strong HK-2 are more
likely to have inferred mutant p53 status in the tumour core samples of larynx and

hypopharynx.

Table 3-47 p53 tumour core * HK-2 tumour core - Chi-square statistics

HK-2 tumour core
Moderate | Strong
p53 Inferred wild type 17 4 P- value
expression - Inferred mutant 20 28 0.003
tumour core

3.3.9.2  Association between p53 and HK-2 expression in advancing front
samples of larynx and hypopharynx

The correlation between HK-2 and p53 expression in the advancing front samples of
larynx and hypopharynx is given in Table 3.48 and shows that there is a significant
association (P=0.047), which demonstrates that patients with strong HK-2 are likely
to have an inferred mutant p53 status in the advancing front samples of larynx and

hypopharynx.

Table 3-48 p53 invasive front * HK-2 invasive front Chi-square statistics

HK-2 advancing front

Weak | Moderate | Strong
p53 Inferred Wild type 1 19 4 P-value
expression - Inferred Mutant 1 23 21 0.047
advancing
front
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3.3.10HK-2 expression in oropharynx primaries

Figure 3.40 shows the pattern of HK-2 expression in oropharynx primaries

Figure 3:40 Immunohistochemical analysis of HK-2 expression in oropharynx primaries. A
tissue microarray (TMA) was stained using a mouse monoclonal HK-2 antibody (Novus) as described
in section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents score 1 (weak
staining) (B) detailed image of the area indicated in blue in panel A (C) represents score 2 (moderate
staining) (D) detailed image of the area indicated in blue in panel C (E) represents score 3 (strong
staining) (F) detailed image of the area indicated in blue in panel E
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3.3.10.1 Association of HK-2 expression with clinical variables in the tumour
core samples of the oropharynx

We have observed 54.8% of ‘strong HK-2 expression’ in the tumour core samples

of the oropharynx in TMA set 2 (see table 3.49).

Table 3-49 Frequency distribution of HK-2 expression in tumour core samples of the

oropharynx
Frequency Percentage (%)
No tumour 1 1.6
Weak 0 0.0
Moderate 25 40.3
Strong 34 54.8
Missing 2 3.2
Total 62 100

We analysed whether any association present between HK-2 expression in tumour

cores samples of the oropharynx with known clinical variables (see table 3.50).

Table 3-50 Association between HK2 expression in tumour core samples of the oropharynx and
clinicopathological variables (‘no tumour’ samples excluded)

HK 2 expression — tumour core
Moderate Strong P-value
Anatomical sites
Tonsil 11(32.4) 23(67.6) 0.257
Tongue base 11 (61.1) 7 (38.9)
Palate 2 (40.0) 3(60.0)
Posterior pharyngeal wall 1 (50.0) 1(50.0)
T stage
T1 3 (33.3) 6 (66.7) 0.650
T2 16 (47.1) 18 (52.9)
T3 5 (35.7) 9 (64.3)
N stage
N O 3 (42.9) 4 (57.1) 0.989
N1 4 (44.4) 5 (55.6)
N2 18 (41.9) 25 (58.1)
Differentiation
Well 2 (66.7) 1(33.3) 0.181
Moderate 8 (61.5) 5 (38.5)
Poor 15 (35.7) 27 (64.3)
Invasive front
Cohesive 10 (43.5) 13 (56.5) 0.963
Non-cohesive 15 (42.9) 20(57.1)
Vascular invasion
Yes 9 (56.3) 7 (43.8) 0.188
No 16 (37.2) 27 (62.8)
Nerve invasion
Yes 4 (44.4) 5 (55.6) 0.891
No 21 (42.0) 29 (58.0)
ECS
Yes 14 (58.3) 10 (41.7) 0.030*
No 8 (28.6) 20 (71.4)
Death
Yes 5 (41.7) 7 (58.3) 0.956
No 20 (42.6) 27 (57.4)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
(*statistically significant at 5%)
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3.3.10.2 Association of HK-2 expression with clinical variables in the
advancing front samples of the oropharynx

We have observed 38.7% of ‘strong HK-2 expression’ in the advancing front

samples of the oropharynx in TMA set 2 (see table 3.51).

Table 3-51 Frequency distribution of HK-2 expression in the advancing front samples of the

oropharynx
Frequency Percentage (%)
No tumour 12 19.4
Weak 1 1.6
Moderate 21 33.9
Strong 24 38.7
Missing 4 6.5
Total 62 100

We analysed whether any association present between HK-2 expression in advancing

front samples of the oropharynx with known clinical variables (see table 3.52).

Table 3-52 Association between HK-2 expression in the advancing front samples of the
oropharynx and clinicopathological variables (‘no tumour’ samples excluded)

HK-2 — advancing front
Weak Moderate Strong P- value
Anatomical sites
Tonsil 1(4.0) 12 (48.0) 12 (48.0)
Tongue base 0 (0.0) 7 (46.7) 8(53.3) 0.942
Palate 0 (0.0) 1(25.0) 3(75.0)
Posterior pharyngeal wall 0(0.0) 1 (50.0) 1 (50.0)
T stage
T1 0 (0.0) 5 (62.5) 3(37.5)
T2 1(4.0) 10 (40.0) 14 (56.0) 0.764
T3 0(0.0) 5 (45.5) 6 (54.5)
N stage
NO 0(0.0) 3(60.0) 2 (40.0)
N1 0(0.0) 3(42.9) 4 (57.1) 0.940
N2 1(2.9) 15 (44.1) 18 (52.9)
Differentiation
Well 0 (0.0) 2 (100.0) 0 (0.0) 0.523
Moderate 0 (0.0) 5 (38.5) 8 (61.5)
Poor 1(3.3) 14 (46.7) 15 (50.0)
Invasive front
Cohesive 1(5.6) 7(38.9) 10 (55.6) 0.367
Non-cohesive 0(0.0) 14 (51.9) 13 (48.1)
Vascular invasion
Yes 0(0.0) 5(41.7) 7 (58.3) 0.768
No 1(2.9) 16 (47.1) 17 (50.0)
Nerve invasion
Yes 0(0.0) 4 (66.7) 2(33.3) 0.525
No 1(2.5) 17 (42.5) 22 (55.0)
ECS
Yes 0(0.0) 11 (57.9) 8 (42.1) 0.190
No 1(4.5) 7(31.8) 14 (63.6)
Death
Yes 0(0.0) 4 (40.0) 6 (60.0) 0.772
No 1(2.8) 17 (47.2) 18 (50.0)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
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3.3.10.3 Disease-specific survival analysis of HK-2 expression in tumour core
samples of the oropharynx

Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the
survival period between two categories of HK-2 expression; moderate and strong in
tumour core samples of the oropharynx (see Table 3.53 for case processing

summary) in TMA set 2.

Table 3-53 Case processing summary for survival analysis of HK-2 expression in tumour core
samples of the oropharynx

HK-2 expression Total No No of deaths No of censored % of censored
cases
Moderate 24 4 20 83.3%
Strong 33 6 27 81.8%
Overall 57 10 47 82.5%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between moderate and strong categories (see figure 3.41).
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Figure 3:41 Disease-specific survival curve for moderate and strong categories of HK-2 expression in
tumour core samples of the oropharynx
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3.3.10.4 Disease-specific survival analysis of HK-2 expression in advancing
front samples of the oropharynx

Kaplan-Meier survival analysis was conducted as described in 2.4.5 to compare the

survival period among three categories of HK-2 expression (weak, moderate and

strong) in advancing front samples of the oropharynx (see Table 3.54 for case

processing summary) in TMA set 2.

Table 3-54 Case processing summary for survival analysis of HK-2 expression in advancing
front samples of the oropharynx

HK-2 expression Total No No of deaths No of censored % of censored
cases
Weak 1 0 1 100.0%
Moderate 21 4 17 81.0%
Strong 23 5 18 78.3%
Overall 45 9 36 80.0%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions among weak, moderate and strong categories (see figure 3.42).
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Figure 3:42 Disease-specific survival curve for weak, moderate, and strong categories advancing
front samples of the oropharynx
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3.3.11HK-2 expression in oropharynx lymph nodes

Figure 3.43 shows the pattern of HK-2 expression in oropharynx lymph nodes.
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Figure 3:43 Immunohistochemical analysis of HK-2 expression in oropharynx lymph nodes. A
tissue microarray (TMA) was stained using a mouse monoclonal HK-2 antibody (Novus) as described
in section 2.4.3. This figure illustrates the magnified views of representative cores from TMA set 2.
Magnification is represented by the individual scale bar in the figure. (A) represents score 2 (moderate
staining) (B) detailed image of the area indicated in blue in panel A (C) represents score 3 (strong
staining) (D) detailed image of the area indicated in blue in panel C
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lymph nodes

of the oropharynx in TMA set 2 (see table 3.55).

3.3.11.1  Association of HK-2 expression with clinical variables in oropharynx

We have observed 79.3% of ‘strong HK-2 expression’ in the lymph nodes samples

Table 3-55 Frequency distribution of HK-2 expression in lymph nodes of the oropharynx

Frequency Percentage (%)
No tumour 1 3.4
Weak 0 0.0
Moderate 5 17.2
Strong 23 79.3
Total 29 100

Table 3-56 Association between HK-2 expression in lymph nodes of the oropharynx and

from the lymph nodes with other clinical parameters (see table 3.56).

clinicopathological variables (‘no tumour’ samples excluded)

HK 2 expression — lymph nodes

Moderate Strong P-value
Anatomical sites
Tonsil 2 (13.3) 13 (86.7) 0.520
Tongue base 3(27.3) 8 (72.7)
Palate 0(0.0) 0 (0.0)
Posterior pharyngeal wall 0(0.0) 2 (100.0)
T stage
T1 0(0.0) 5 (100.0) 0.450
T2 4 (25.0) 12 (75.0)
T3 1(16.7) 5 (83.3)
N stage
N1 0(0.0) 5 (100.0) 0.250
N2 5 (21.7) 18 (78.3)
Differentiation
Well 1 (100.0) 0 (0.0 0.058
Moderate 0(0.0) 5 (100.0)
Poor 4(18.2) 18 (81.8)
Invasive front
Cohesive 1(8.3) 11 (91.7) 0.254
Non-cohesive 4 (25.0) 12 (75.0)
Vascular invasion
Yes 3(30.0) 7 (70.0) 0.211
No 2(11.1) 16 (88.9)
Nerve invasion
Yes 3 (50.0) 3 (50.0) 0.020*
No 2(9.1) 20 (90.9)
ECS
Yes 2 (15.4) 11 (84.6) 0.750
No 3 (20.0) 12 (80.0)
Death
Yes 0(0.0) 7 (100.0) 0.154
No 5 (23.8) 16 (76.2)

NOTE. Values are n(%). (ECS — extracapsular spread) P-value determined by Pearson Chi-Square test.
(* statistically significant at 5%)

We analysed whether any association present between p53 expression in samples
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3.3.11.2 Disease-specific survival analysis of HK-2 expression in oropharynx

lymph nodes
Kaplan-Meier survival analysis was conducted as described in 2.4.8 to compare the
survival period between two categories of HK-2 expression, moderate and strong, in

lymph node samples of the oropharynx (see Table 3.57 for case processing summary)

in TMA set 2.

Table 3-57 Case processing summary for survival analysis of HK-2 expression in lymph node
samples of the oropharynx

HK-2 expression Total No No of deaths No of censored % of censored
cases
Moderate 5 0 5 100.0%
Strong 22 6 16 72.7%
Overall 27 6 21 77.8%

A log-rank test was conducted to determine whether there were any differences in the

survival distributions between moderate and strong categories (see figure 3.44).
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Figure 3:44 Disease-specific survival curve for moderate and strong categories of HK-2 expression in
lymph nodes samples of oropharynx
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3.3.12 Analysis of association between p53 and HK-2 in oropharynx

samples

3.3.12.1 Association between p53 tumour core and HK-2 tumour core in
oropharynx samples

The correlation between the tumour cores of HK-2 and p53 is given in Table 3.58
and shows that there is no significant association (P=0.076) which demonstrates that
patients with high HK-2 are not likely to have inferred mutant p53 status in the

tumour core samples of the oropharynx.

Table 3-58 p53 tumour core * HK-2 tumour core Chi-square statistics (normal tissues excluded)

HK-2 tumour core
Moderate | Strong
p53 tumour Inferred wild-type 7 3 P- value
core Inferred mutant 13 21 0.076

3.3.12.2 Association between p53 invasive front and HK-2 invasive front in
oropharynx samples

The correlation between the advancing fronts of HK-2 and p53 is given in Table 3.59
and shows that there is no significant association (P=0.051), which demonstrates that
patients with high HK-2 are not likely to have an inferred mutant p53 status in the

advancing front samples of the oropharynx.

Table 3-59 p53 invasive front * HK-2 invasive front Chi-square statistics (normal tissues

excluded)
HK-2 advancing front
Weak | Moderate | Strong
p53 advancing | Inferred Wild type 1 9 4 P-value
front Inferred Mutant 0 11 19 0.051
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4. Discussion

Colleagues in the p53/MDM2 research group recently published a study on the role
of p53 in regulating energy metabolism in SCCHN cells, and they observed that loss
of p53 function, whether through mutation or RNAi-mediated downregulation,
resulted in a lack of metabolic flexibility, with cells becoming more dependent on
glycolysis (112). In this context, we were interested in finding out whether any other
proteins, which are connected in some functional manner to p53, might be involved

in maintaining the high glycolytic status in SCCHN.

Following an analysis of the literature, two proteins came to our attention; TIGAR
and HK-2, both playing crucial roles in glucose metabolism; the first one limits
glycolysis and the second one initiates glycolysis by converting glucose into 6GP.
Knowing the metabolic roles of each of these proteins, still, there remain unanswered
questions, including the individual TIGAR and HK-2 expression patterns in head and
neck cancers and the associations that might exist among the three proteins in

SCCHN cells. What might this be expected to show? How might this be informative?

With the above questions in mind, the primary aim of this thesis was to analyse the
expression of p53, TIGAR, and HK-2 proteins in clinical samples of SCCHN. The
secondary aim was to examine whether any association might exist between the
expression of these proteins and various clinical variables such as anatomical sites,
T stage, N stage, differentiation, nerve invasion, vascular invasion, extracapsular
spread, and also patient outcomes (survival). Also, the expression levels of these
proteins were analysed in cells in culture with defined TP53 genetic and modulated
function alterations to determine whether p53 might influence the expression patterns

of HK-2 and/or TIGAR in these cells.
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4.1 Role of TIGAR in cancer

TIGAR (TP53 induced Glycolysis and Apoptosis Regulator) was identified in 2005
as a novel p53 target gene (196). To the best of our knowledge, this is the first study

investigating TIGAR expression in SCCHN.

4.1.1 High TIGAR expression with wild-type p53

In our cell lines studies (described in section 3.1), we observed the highest levels of
TIGAR expression were associated with wild-type p53. This pattern was observed
regardless of whether p53 was expressed from a lentiviral vector in a p53 null line or
comparing RNAi-mediated knock-down of p53 in a p53 wild-type line or even
comparing two essentially isogenic lines from a single patient obtained at different
times, with one harbouring wild-type p53 and one possessing a p53 mutation (UM-

SCC-11A and 11B respectively).

Our results showing higher TIGAR expression in the cell lines with wild-type p53
compared to the mutant p53 cell lines are in accordance with the notion of p53-
dependent TIGAR expression in our samples. As stated above, TIGAR is a p53
regulated gene, and we have observed that the connection between TIGAR

expression and retention of wild-type p53 is potentially retained in our SCCHN cells.

Similar to our cell lines results, TIGAR expression was observed to differ in relation
to the p53 status of pancreatic cancer, where it was identified that TIGAR expression
in patient-derived xenografts was increased in p53 wild-type cancer and low TIGAR

expression seen in p53 mutant pancreatic cancer (288).

4.1.2 Increased TIGAR expression in various cancers

Increased TIGAR expression seen in various tumour tissues and tumour cell lines

(see Table 4.1).
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Table 4-1 TIGAR expression in various tumours and cancer cell lines

Tumour type

Cell
lines/samples

TIGAR expression and effects

Reference

Breast cancer

Invasive breast
cancer

Increased expression of TIGAR.
High p53 expression is associated
with low TIGAR expression.
TIGAR expression in breast cancer
is independent of p53.

Won et al. (275)

Epithelial breast Compared with stromal cells, | Martinez-
cancer increased TIGAR expression seen | Outschoorn etal
in epithelial breast cancer (289)

Gastric cancer

Gastric cancer
tissues

Increased expression of TIGAR.
High p53 expression is associated
with low TIGAR expression

Kim et al. (274)

Colorectal tumour | Colorectal tumour | Increased expression of TIGAR in | Al-Khayal et al.
tissues stage 2 and 3 colorectal tumours. (276)
Pancreatic ductal | PDAC mouse Higher TIGAR expression in | Cheung et al.
adenocarcinoma models premalignant lesions and lower | (290)
(PDAC) TIGAR levels in metastasizing
tumours
Pancreatic cancer | Patient-derived Higher TIGAR expression in p53 | Rajeshkumar et
PDAC xenografts | wild-type cancer and lower | al. (288)

expression in p53 mutant pancreatic
cancer

Acute myeloid

Clinical samples

Increased expression of TIGAR and

Qian et al. (291)

leukaemia positively correlated with poor

prognosis
Chronic Clinical samples Increased expression of TIGAR and | Hong et al. (292)
lymphocytic positively correlated with poor
leukaemia prognosis
T lymphocytic Cell lines Increased expression of TIGAR Hasegawa et al.
leukaemia (293)
Nasopharyngeal Nasopharyngeal Higher expression of TIGAR | Wong et al. (294)

carcinoma (NPC)

carcinoma tissues

compared to the adjacent normal
tissues

NPC Cell lines Increased expression of TIGAR Wong et al. (294),
Zhao (295)
Liver cancer HepG2 cells Increased expression of TIGAR Dai et al. (296)
Cervical cancer Hela and SiHa TIGAR expression seen in Hela but | Lin et al. (297)
cells not in SiHa cells

Increased TIGAR expression in various stages of the colorectal tumour was analysed
in twenty-two colorectal cancer patients, and the results identified the upregulation of
TIGAR in colorectal patients with the additional finding of a noticeable increased
TIGAR expression at the mMRNA and protein levels in stage II and stage III

colorectal cancer compared to adjacent normal tissue (276). Another interesting

finding in the above study is the nuclear localisation of TIGAR in their
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immunohistochemical staining (276), whereas the majority of the studies, including

our study, observed cytoplasmic staining of TIGAR (see section 2.4.4).

4.1.3 TIGAR reduces ROS to promote tumour growth

The role of TIGAR in promoting tumour cell survival is based on its ability to inhibit
both apoptosis and autophagy (216). It has been observed that TIGAR expression
reduced the ROS levels and the cancer cells were protected from ROS-sensitive

apoptotic responses, such as those induced by p53 (197).

Accumulation of ROS is one of the main sources of oxidative stress within the cells,
and it has the harmful effects of arresting the cell cycle or leading to cell death (294).
In mammalian cells, NADPH provides the major reducing power used to synthesize
cellular antioxidant capacity and protects the cells from oxidative stress, and thus
rapidly proliferating cells require NADPH for their normal function, proliferation
and survival (298). In line with the pro-survival role of NADPH, TIGAR
overexpression was observed in nasopharyngeal carcinoma (NPC) cell lines, and it
was linked to increased cellular growth, increased NADPH production and also
increased invasiveness of NPC cell lines (295). Inhibition of c-Met tyrosine kinase
inhibited tumour growth in NPC cell lines, and during c-Met inhibition, it was
observed a significant downregulation of TIGAR and subsequent depletion of
intracellular NADPH, which suggested a link between c-Met, TIGAR and NADPH
in cancer cells (298). In another study on NPC cells, knockdown of TIGAR
contributed to NF-kB pathway inactivation, with an increased IkB-a expression, and
an inhibited translocation of p65 into the nucleus, indicating an inhibited NF-«xB

pathway, thus supporting the role of TIGAR as a tumour promoter (295).
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4.1.4 TIGAR expression negatively correlated with p53 expression

In a study of breast cancer patients, it was observed that high p53 expression was
significantly associated with the low expression levels of SCO2 (P=0.008) and
TIGAR (P=0.007), and it has been suggested that high p53 expression could promote
aerobic glycolysis in breast cancer via modulation of mitochondrial enzymes (SCO2

and COX) and TIGAR (275).

A similar immunohistochemical analysis of 110 cases of primary gastric cancer
identified an inverse correlation between p53 and TIGAR and suggested that high
p53 expression could be associated with the promotion of glycolysis in gastric cancer
via the modulation of TIGAR expression (274). Both studies on breast cancer and
primary gastric tumours showed that p53 expression was negatively correlated with
TIGAR expression (274, 275), and analysis of our IHC data did not reveal any
significant association between inferred p53 mutant status and TIGAR expression in
TMA set 1 (P=0.580) (section 3.2.3). Unfortunately, it has not been possible to
address this in the TMA set 2 samples because of the overall strong staining of

TIGAR in all the slides.

4.1.5 Antitumour effects of TIGAR

We have seen that increased TIGAR expression correlates with increased cellular
growth and invasiveness (276, 294, 295), whereas a study on 79 patients with
primary non-small cell lung cancer (NSCLC), which compared SUVmax (maximal
standardised uptake value determined through PET imaging) with TIGAR expression
identified that SUVmax was negatively correlated with TIGAR expression and
decreased expression of TIGAR was strongly correlated with a poor clinical

outcome (277). TIGAR was observed to act on cell cycle arrest, and it was proposed
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that TIGAR promoted p21-independent, p53-mediated G1-phase arrest in cancer

cells (299).

To summarise the effects of TIGAR on cancer;

TIGAR has two functions: (1) p53 dependent FBPase activity that is manifest in
normoxic, hypoxic, and glucose-limited cells and functions to promote PPP, generate
NADPH, and limit ROS (2) a non-catalytic function, independent of the FBPase, a
hypoxia-induced activity that depends on HIFla and glucose, and involves
mitochondrial localisation, and binding to HK-2 stimulating HK-2 enzymatic

activity (206).

In our immunohistochemical analysis, TIGAR protein expression was detected in
73% of samples in TMA set 1, whereas in TMA set 2, we observed TIGAR

expression in all of the samples.

Thus, in our analysis, the majority of SCCHN samples expressed detectable levels
of TIGAR. This indicates that there appear to be two distinct patterns of TIGAR
expression in cancers. One in which the expression of TIGAR reduced with
increased p53 expression (presumably often mutated). The second pattern of
expression observed in most cancers suggests that high (possibly increased) TIGAR

expression, independent of p53 expression, is a poor prognostic indicator.

At first sight, this appears to be counter-intuitive, given the commonly observed
increase in aerobic glycolysis in many cancers. This can be explained in the
following way. In addition to possessing activity as an FBPase, TIGAR has been
shown to stimulate HK-2 activity independently of its intrinsic FBPase activity. In
this way, an increase in TIGAR might promote increased glycolysis and thus

contribute to tumour progression. Clearly, this mechanism is regulated by the
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subcellular localisation of TIGAR, and this suggests that a more careful analysis of

this might prove informative in future studies.
4.2 Immunohistochemical expression of p53

The other protein of interest in this study was p53, and our immunohistochemical
analysis inferred that p53 was likely to be mutated in approximately 62% of samples
from TMA set 1 and in 65% and 50% of samples from the tumour core and
advancing front samples of the larynx and hypopharynx cohort of TMA set 2.
In lymph node samples of larynx and hypopharynx, the inferred p53 mutant rate
was 83.9%. This is similar to the estimate of 84% for p53 mutation obtained by
TCGA network analyses of 279 SCCHN cases (39). Our inferred p53 mutation rate
is also similar to another large series study (724 primary SCCHN patients), which
identified a high p53 expression of 71.7% in their samples by immunohistochemical

analysis (300).

Another important observation we have made was the pattern of p53 expression in
our oropharyngeal samples. Although we would expect an inverse relationship
between the presence of HPV DNA and the presence of TP53 mutations in
oropharyngeal squamous cell carcinoma (301), in our limited number of oropharynx
samples, inferred p53 mutation rate was 72.6% and 50.00% for tumour core and
advancing front samples, respectively. This seems surprisingly high since we might
expect p53 in these samples to frequently be wild-type as a result of HPV infection

in many of this cohort.

The expression of wild-type p53 in HPV related oropharyngeal SCC (OPSCC) (39),
creating a possible confounder as HPV driven tumours commonly have a favourable

prognosis (192). HPV positive head and neck tumours display improved survival,
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with a 60% lower risk of death, compared to the HPV negative tumours (302). We
also found a significant survival difference between HPV +ve and -ve oropharyngeal
cases where HPV +ve cases showed a better survival period as compared to HPV

negative cases (P=<0.001) (section 3.3.5.2).

4.2.1 IHC expression of p53 as a surrogate marker for p53 mutation

Our justification for using IHC to find the inferred p53 mutation rate was based on
the following facts; wild-type p53 in unstressed cells has a short half-life, and as a
result, it is found at very low concentrations in all healthy cells, so wild-type p53 is
almost undetectable in the routine immunohistochemical analysis (303). Compared
to wild-type p53, most mutant p53 has a long half-life and tends to accumulate in the
nucleus so that it can be a stable target for immunohistochemical detection (304,
305). Most p53 mutations are missense mutations, and these often compromise the
p53 transcriptional activity resulting in a breakdown in the p53-MDM2
autoregulatory feedback loop and thus lead to stabilisation of the p53 protein. This
can then be detected by immunohistochemical methods (303). Thus, the detection of
p53 by using IHC in tumours is almost synonymous with the presence of a mutation,
and immunohistochemical analysis of p53 expression is utilised as a surrogate

marker for its mutation analysis (306-308).

Not all mutations in the TP53 gene result in protein stabilisation. For example,
mutations due to gene deletion or truncation of the protein (nonsense and frameshift)
do not cause protein accumulation (303). This is the reason we have considered the
complete absence of p53 expression as an ‘inferred nonsense mutation” and added it
to the inferred mutant category. Based on this fact, our ‘inferred mutant’ category

includes cells showing either >5% or complete absence of p53 expression.
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We decided to have the cut off value as >5% for the expression of p53 in the inferred
mutant category. Justification for using a 5% cut off is based on the following facts.
Accumulation of p53 in the nucleus also happens after stress, but because the
induction is only temporary, cells in that tissue will be in different phases of the cell
cycle, and they will have different responses to stress. Corresponding
immunohistochemical expression of p53 will be showing a punctate staining pattern
where different cells with various staining intensity. We use a cut off value to
distinguish between these occasional cells which were induced because of stress
compared to tumours, where a significant percentage of cells will express detectable
levels of p53 protein. We fixed a 5% cut off value based on the historical data, and
we also believe that it is unusual for wild-type tissue expressing p53 protein in more

than 5% of cells.

We have noted a similar cut off value (5%) in a study where they evaluated p53
response to short-term preoperative radiotherapy and patient survival in rectal
cancer (309). But, various authors have used a different cut off value for the
percentage of p53 nuclear staining to determine p53 mutation (189, 191, 192, 300,
310). One of the studies analysed fifty-five cases of oral squamous cell carcinomas,
where the authors increased their cutoff value for p53 immunoexpression to 25%,
and they observed increased overexpression of p53 (64%) in their samples (311).
They suggested that 25% of p53 immunopositivity appears to be a good cut off value

to predict TP53 mutations (311).
4.3 HK-2 expression in SCCHN

The third biomarker used in our study was HK-2, and HK-2 expression was detected
in all the samples in our western blot analysis. In IHC, we observed 42.4% and

28.3% of strong HK-2 expression in the tumour core and advancing front samples of
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larynx and hypopharynx, respectively, in TMA set 2. Oropharynx samples displayed
a strong HK-2 expression of 54.8% in the tumour core and 38.7% in the advancing
front samples. The lymph nodes displayed a strong HK-2 expression of 61.3% in the

larynx and hypopharynx groups and 79.3% in the oropharynx group.

HK-2 expression is rarely observed in normal tissues, and increased levels of HK-2
expression have been reported in various solid tumours, including colorectal
tumour (312),  gastric cancer (313), hepatocellular carcinoma (314), ovarian
cancer (315), and pancreatic cancer (316), indicating high expression of HK-2 in

tumorigenesis (317).

In SCCHN, HK-2 is highly expressed, implying that SCCHNs are “glycolytic
tumours” (318). Increased HK-2 expression was observed in oral squamous cell
carcinoma along with other cancer metabolism-related proteins, including GLUT-1,
lactate dehydrogenase A (LDHA), transketolase-like-1 (TKTL1), mitochondrial
enzymes (succinate dehydrogenase SDHA, SDHB, and ATP synthase) and insulin-
like growth factor receptor (IGF-1R) (319). The above study was the first evidence
of the expression of glycolysis-related proteins and mitochondrial enzymes in the
multi-step tumorigenesis of SCCHN (319). It was observed that squamous cell
carcinoma of the tongue with higher migratory /invasive capacity had increased
levels of HK-2 expression and that HK-2 overexpression promoted the proliferation,
migration, and invasion of tongue cancer cells, whereas HK-2 knockdown inhibited
these processes both in vitro and in vivo (320). Overexpression of HK-2 has been
observed in laryngeal cancer, and it has been suggested that high HK-2 expression

might be related to the progression of laryngeal cancer (321).
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4.4 Interrelations between p53, TIGAR, and HK-2

We believe that our proteins of interest, p53, TIGAR and HK-2, interact in the
development of cancer metabolism and influence the expression of each other
proteins. This statement is further supported by the following facts; as a p53-
inducible protein, TIGAR regulates mitochondrial HK-2 localisation, and this
TIGAR-HK-2 complex further upregulates HK-2 and HIF1-a activity resulting in
reduced ROS production, which protects the tumour cell death under hypoxic
condition, implying that p53 could be an important key regulator for HK-2 mediated

tumorigenesis (206, 285, 318).

Our attempts to explore the inter-relations of these proteins were based on the
following observations; the association between p53 and HK-2 expression was
analysed in our larynx and hypopharynx samples, and it was observed that there was
a significant association in tumour core (P=0.003) and advancing front (P=0.047)
samples. This observation suggested that patients with strong HK-2 are more likely

to have inferred mutant p53 status in the larynx and hypopharynx samples.

An association between p53 and HK-2 in tumour cells was first reported by
Mathupala et al. in 1997, who identified two functional p53 binding motifs within
the HK-2 promoter and suggested that mutated p53 interacts with the HK-2 promoter
in cancer cells to activate transcription of HK-2 (286). These authors were amongst
the first to propose that mutation of p53 was able to induce a gain-of-function and
permit transactivation of a gene (HK-2) that was essential for maintaining high
glycolytic activity and therefore further support the survival of a rapidly growing

tumour (286).
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Following the observation of an association between p53 and HK-2 in our IHC
analysis, TIGAR expression was also analysed to determine whether any association
could be detected with p53 expression in TMA set 1, and no significant association
between p53 and TIGAR expression was detectable (P=0.580). Because of the
overall strong staining of TIGAR in TMA 2, we were not able to identify any

correlation between TIGAR and either p53 or HK-2.

4.5 Association between p53, TIGAR, and HK-2 with the

clinical variables

In our second part of the IHC analysis, the expression of TIGAR, p53 and HK-2 was
analysed and compared with clinical variables to determine whether any association
exists between the individual protein expression and any one of the variables. We
observed a significant association between p53 expression and anatomical sites in
oropharynx samples (both tumour core [P=0.011] and advancing front [P=0.015] ),
and similarly with HK-2 expression and anatomical sites in larynx and hypopharynx
cases (both tumour core [P=0.017] and advancing front [P= 0.041] ). The
significance of differing anatomical sites altering prognosis is supported by evidence
that shows that tumours from different anatomical sites display differing biological
behaviour with responses to treatment depending on the primary anatomical
sites (322). However, a systematic review and a meta-analysis failed to provide
conclusive evidence about the prognostic value of p53 expression in patients with

SCCHN arising from larynx, oropharynx, hypopharynx, or oral cavity (182).

There was a significant association between p53 expression in tumour core samples
of the oropharynx and the event (death) status (P=0.017), but the subsequent disease-

specific survival analysis by Kaplan- Meier did not identify any statistically
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significant association between p53 expression and the survival period in our

oropharynx samples.

There is good evidence from the literature suggesting accumulation of p53 can serve
as a prognostic indicator of overall and disease-specific mortality in SCCHN (323).
We have observed a significant association between p53 expression in the advancing
front samples of larynx and hypopharynx and survival period (P=0.034), suggesting
inferred p53 mutant status in the advancing front samples was associated with poorer
disease-specific survival compared to the inferred wild-type category (see section

3.3.1.4).

Our analysis of the association between HK-2 expression with clinical variables
identified the following findings; there was a significant association between HK-2
expression in tumour core samples of larynx and hypopharynx and N stage

(P=0.023), differentiation (P=0.041), and vascular invasion (P=0.034).

In the oropharynx samples, we observed the following association between HK-2
expression and the known clinical variables; there was an association between HK-2
expression in tumour core samples of the oropharynx and ECS (extracapsular spread)
(P=0.030), and in lymph nodes samples of the oropharynx with nerve invasion

(P=0.020).
4.6 Targeting metabolic pathways

Targeting altered metabolic pathways related to carbohydrate metabolism is a

potentially promising anti-cancer strategy (324).
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4.6.1 Targeting TIGAR for anti-cancer treatment

There is emerging evidence that targeting TIGAR and its downregulation favours
anti-growth properties (298, 325-327). Resveratrol (3,5,4’-trihydroxystilbene), a
phytoalexin, has been identified to exhibit its anti-cancer effects through a variety of
mechanisms, and one among them is downregulation of TIGAR (328). An RNA-
directed nucleoside analogue, ECyd, is known to possess anti-cancer activity, and it
was observed that ECyd also could induce significant downregulation of

TIGAR (329).

4.6.2 Targeting p53 for anti-cancer treatment

There is convincing evidence that aerobic glycolysis constitutes the metabolic
signature of SCCHN, and this metabolic adaptation is driven by the mutational loss
of wild-type p53 function (330). Thus, p53 becomes the promising target, which
either restores wild-type p53 activity or inhibits mutant p53 oncogenic activity,
which could provide a potent strategy to treat malignant diseases (331). The
approaches to activate endogenous wild-type p53 include the use of gene therapy to
introduce wild-type p53 or modified adenovirus to kill tumour cells with mutant p53,
the use of chemoradiation to activate endogenous wild-type p53, and the use of
synthetic peptides or nongenotoxic small molecules to activate wild-type p53 (332).
Nutlins are potent and selective low molecular weight inhibitors of MDM2-p53
binding, which activate the p53 pathway and suppress tumour growth in vitro and in
vivo (333). Another small molecule that reactivates wild-type p53 is RITA
(Reactivation of p53 and induction of tumour cell apoptosis) could suppress tumour
cell growth both in vitro and in vivo by inducing massive apoptosis in a p53-

dependent manner (334). Restoring p53 function in those tumours expressing mutant
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p53 is even more challenging, and small molecules that refold some mutant p53

proteins and thus reactivate their wild-type functions that have been described (335).

4.6.3 Targeting HK-2 for anti-cancer treatment

Metabolic enzymes could be an attractive candidate for cancer therapy, but there
must be a significant difference in the requirement for a given enzyme activity
between cancer cells and normal proliferating cells; potential examples include
GLUT1, HK-2 and LDH-A (336). Hexokinases, which catalyse the first committed
step of glucose metabolism, are one of the promising targets for anti-cancer therapy
as many cancer cells overexpress HK-2, and preclinical studies demonstrated that the
inhibition of HK-2 could be an effective cancer therapy (337). As most healthy adult
cells do not express HK-2, its systemic ablation could selectively target tumour cells,
and there is good evidence that HK-2 acts on tumour cells without adverse
physiological consequences (116). However, it is challenging to develop small-
molecule inhibitors, which preferentially inhibit HK-2, as there are structural
similarities between HK-1 and HK-2 (116, 218, 226, 231). The allosteric inhibition
of HK-1 and HK-2 by their own product, G6P, could be utilised to target
HK-2 (116). G6P could also be utilised to preferentially target HK-2, although G6P
inhibits both HK-1 and HK-2, its inhibitory effect on HK-2 increases in the presence
of orthophosphate, whereas HK-1 inhibition is reduced (218). Another promising
agent for targeting HK-2 is 3-bromopyruvate (3-BP), whose biological function is
based on the alkylation of free thiol groups on the cysteine residues of proteins (338).
The small alkylating molecule, 3-BP, was discovered as a novel anticancer agent in
vitro in the year 2000 and was published in 2001 (339). The inhibitory effects of 3-
BP on the glycolytic pathway have been demonstrated in various in-vitro studies,

which are mediated by covalent modification of HK-2 (340). 3-BP targets cancer
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cell’s energy metabolism, i.e., both glycolysis and mitochondrial oxidative
phosphorylation to inhibit total energy (ATP) generation and depletes all energy
reserves (338, 339). The action of 3-BP happens rapidly (within minutes) and with
little or no effect on most normal cells or the animals as compared to the frequently
used chemotherapeutic drugs which may take a longer duration of time
(weeks/months) to exhibit any significant changes (338). Therefore, 3-BP, as a
pyruvate mimetic, is a potent, rapid and quite specific anti-cancer agent (221, 341).
3-BP was tested in pre-clinical models, where it was shown to be effective,
eradicating advanced tumours in 19/19 animals, without harming the animals and
without returning of the cancer during their lifetime (342). It has been reported that
3-BP is non-toxic to all sorts of vertebrates and certain failure cases were still
reported in clinical trials (343). Apart from 3-BP, other agents that can inhibit

hexokinases are 2DG (2-deoxy-D-glucose) (344), and Lonidamine (345).
4.7 Limitations of our study

The main limitations of our study were different cohorts of patient samples, choosing
IHC for evaluating p53 expression, and practical difficulties in conducting metabolic
studies. Due to the delay in the construction of new head and neck TMA, we started
the research by using readily available TMA, which had samples of oral cavity and
oropharynx (TMA set 1). The new TMA had different patient’s samples from larynx,
hypopharynx, and oropharynx with different sets of clinical data (TMA 2), which

made us evaluate the two TMAs separately.

Selecting immunohistochemistry to investigate p53 was based on the fact that most
mutations change the conformation of p53, indirectly leading to a more stable protein

which can then accumulate in tumour nuclei and subsequently can be detected
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immunohistochemically (278). However, there are many problems in IHC that can

result in false-negative or false-positive outcomes (306, 308, 346).

False-positive results can be due to stabilisation of wild type p53 by physiological
stimuli such as hypoxia, oncogenic stresses, or DNA damage resulting from the free
radicals released from the tumour-associated macrophages or following therapy,
leading to positive staining in the absence of mutation (347, 348). On the other hand,
false-negative results are possible because of truncating alterations, including
nonsense, frameshift and splice site mutations, which result in a lack of
immunolabeling due to the absence of gene product (349). Erroneous splicing
produces a truncated protein, which will have a shorter half-life and escapes IHC

detection (350).

The common antibodies used (DO7, DO1, and Pab 1801) for p53 detection in IHC
are unable to differentiate between mutant and wild-type p53 proteins (182, 351).
Presently, there is no consensus for the most appropriate antibody for evaluating

mutation associated p53 expression (352).

Another issue is the selection of cutoff points to dichotomize p53 positivity versus
p53 negativity, which varies from one positively stained cell to 50% positivity, and
both extremes are difficult to justify from a biological perspective (182). The
frequent occurrence of heterogeneous upregulation of mutant p53 has been observed
(353), and thus fixing a cutoff of 50% might exclude many mutant proteins that
display low levels of p53 positivity (182). In future studies, it is essential to improve
the reliability of p53 IHC as a surrogate method, and one simple strategy is to
combine p53 detection along with monitoring of p53 target gene expression (MDM2

and/or p21) (278). When cells expressing p53 but not expressing MDM2 and/or p21,
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regardless of the relative levels, likely to have mutant p53, whereas coexpression of

p53 and MDM2 would be likely to have wild-type p53 proteins (182, 278).

Targeting cancer cell metabolism seems appealing at first glance because enzymes
are attractive molecular targets; however, there are some significant issues when
targeting glucose metabolism for anticancer therapy (336). Apart from the tumour
cells, immune and stem cells can also perform aerobic glycolysis, and it can be hard
for anti-metabolic therapies to differentiate between tumour and non-tumour cells
(336). Most of the metabolic reprogramming studies were performed in cancer cell
lines rather than intact tumours, and it is challenging to model an accurate tumour
microenvironment in culture (111). Another challenge could arise from the metabolic
plasticity displayed by cancer cells as there is a possibility that cancer cells could
develop resistance to inhibition of a particular pathway through the expression of
alternative isoforms or up-regulation of alternate pathways, such as
gluconeogenesis (336). Despite these challenges and several unanswered questions in
the field of cancer metabolism, our understanding of cancer metabolism has
advanced noticeably in recent years and is being used for the development of novel

targeted therapeutic strategy (354).

4.8 Future work related to cancer metabolism

Our unit’s recent work has confirmed the role of p53 in the metabolic regulation in
SCCHN cells and suggested that when cells display loss of p53 function, they can be
sensitised to ionizing radiation by pre-treatment with a glycolytic inhibitor (112).
Future experiments in a pre-clinical model are required to provide further evidence

for the feasibility of therapeutic strategy.
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We were recently awarded an ODA Research Seed fund of £10,000 from the
University of Liverpool (2020/21 round) to conduct an animal study, collaborating
with Adyar Cancer Institute and Sri Ramachandra Institute of Higher Education
(SRIHER) at Chennai, India. We propose to develop a preclinical model for oral
cancer, and as a first step, we will test the tumorigenicity of our selected SCCHN cell
lines in nude mice. With the collaboration between the University of Liverpool and
Cancer Institute and SRIHER, we hope to develop local expertise at Indian
Institutions in growing and manipulating SCCHN cell lines as well as generating

mouse models of cancer.
49 Summary

In summary, this is the first study of TIGAR expression in SCCHN, and our data
suggest that, unlike some other cancers, the link between p53 and TIGAR
expression is retained, at least in cell lines. HK-2 is expressed in all cell lines, and
the steady-state levels do vary much between cells with different p53 status. It is,
therefore, perhaps surprising that we have detected some variability in HK-2
expression in tumour samples by IHC. Moreover, we have identified a strong
association between HK-2 expression and p53-inferred mutant status in larynx and
hypopharynx samples which suggest that loss of p53 function, which would be
expected to increase glycolysis, and is associated with increased expression of a key
glycolytic enzyme. This is not surprising, but it is the first time that this association
has been identified in SCCHN. Importantly, this may indicate that targeting HK-2,
for example, with an inhibitor, could prove particularly effective in p53 mutant
tumours. These studies include the first attempt to characterise TIGAR expression in
SCCHN, and it is combined with analysis of HK-2 and using IHC to infer p53 status
has revealed some intriguing associations. Ultimately, it is clear that cancer cell
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metabolism is a highly attractive target for therapy. More promising results have
been observed in anti-HK-2 treatments, especially with 3-BP. By creating a
preclinical model, we are hoping to achieve the successful bench-to-bedside

translation of basic scientific findings to novel anti-cancer interventions.
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5. Appendix

5.1 Initial optimisation pictures of TIGAR staining

Figure 5:1 Immunohistochemical analysis of TIGAR expression. A tissue microarray (TMA) was
stained using a purified rabbit polyclonal antibody (AB10545), as described in section 2.4.3. This
figure illustrates the magnified views of representative slides from the initial TIGAR optimisation
staining. Magnification is represented by the individual scale bar in the figure. (A) represents TIGAR
expression in tonsil (B) represents TIGAR expression in kidney
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Figure 5:2 Immunohistochemical analysis of TIGAR expression. A tissue microarray (TMA) was
stained using a purified rabbit polyclonal antibody (AB10545), as described in section 2.4.3. This
figure illustrates the magnified views of representative slides from the initial TIGAR optimisation
staining. Magnification is represented by the individual scale bar in the figure. (A) represents TIGAR
expression in soft palate (B) represents TIGAR expression in the supraglottis
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5.2 Initial optimisation pictures of HK-2 staining

2mm

2mm

Figure 5:3 Immunohistochemical analysis of HK-2 expression. A tissue microarray (TMA) was
stained using a rabbit monoclonal antibody (C64G5) from Cell Signaling (New England Biolabs), as
described in section 2.4.3. This figure illustrates the magnified views of representative slides from the
initial HK-2 optimisation staining. Magnification is represented by the individual scale bar in the
figure. (A) represents HK-2 expression in the pancreas (1 in 50 concentration) (B) represents HK-2
expression in the pancreas (1 in 100 concentration)
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Figure 5:4 Immunohistochemical analysis of HK-2 expression. A tissue microarray (TMA) was
stained using a mouse monoclonal antibody (NBP2-02272) from Novus Biologicals, as described in
section 2.4.3. This figure illustrates the magnified views of representative slides from the initial HK-2
optimisation staining. Magnification is represented by the individual scale bar in the figure. (A)
represents HK-2 expression in the pancreas (1 in 50 concentration) (B) represents HK-2 expression in
the pancreas (1 in 100 concentration)
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5.3 Distribution of cores in oropharynx

Table 5-1 Distribution of cores in oropharynx — TMA set 2

OROPHARYNX - NUMBER OF CORES

Patient ID Tumour core Advancing front Normal tissue Lymph node
1 3 3 MISSING
2 3 3 2
3 3 3 MISSING
4 2 2 MISSING
5 MISSING 3 MISSING
6 MISSING MISSING 2
7 3 3 2
8 2
9 3 2 3
10 3 2 MISSING
11 3 3 2
12 3 3 3
13 3 3 3
14 3 3 MISSING
15 3 3 3
16 3 3 3
17 3 2 3
18 3 3 MISSING
19 3 2 MISSING
20 3 2 3
21 3 3 3
22 3 3 MISSING
23 3 3 3
24 3 3 2
25 2 2 2
26 3 3 3
27 2 2 2
28 3 2 MISSING
29 3 MISSING 3
30 3 3 2
31 3 MISSING MISSING
32 3 MISSING 3
33 3 2 3
34 3 MISSING
35 3 2 1
36 2 3 3

176



Appendix

37 2 3 3

38 3 3 3

39 2 2 2

40 1 2 3

41 3 3 MISSING

42 3 3 3

43 3 3 3

44 3 3 MISSING

45 3 3

46 3 3 MISSING

47 3 3 MISSING

48 3 3 3

49 3 3 MISSING

50 2 3 3

51 3 3 MISSING

52 3 3 MISSING

53 2 3 MISSING

54 3 3 MISSING

55 3 3 MISSING

56 3 3 3

57 1 2 3

58 3 3 MISSING

59 3 3 3

60 3 3 3

61 2 3 MISSING

62 2 3 MISSING

1 3
2 3
3 3
4 2
5 3
6 3
7 3
8 3
9 3
10 3
11 3
12 2
13 3
14 3
15 3
16 3
17 3
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5.4 Distribution of cores in the larynx

Table 5-2 Distribution of cores in the larynx — TMA set 2

LARYNX - NUMBER OF CORES

Patient ID Tumour core Advancing front Normal tissue Lymph node

1 3 3 3
2 duplicate
3 3 3 MISSING
4 3 3 MISSING
5 3 3 MISSING
6 3 3 MISSING
7 3 3 3

3 3 MISSING
9 3 3 MISSING
10 3 3 MISSING
11 3 3 MISSING
12 3 3 MISSING
13 3 3 3
14 3 3 3
15 3 3 MISSING
16 3 3 MISSING
17 MISSING 3 MISSING
18 3 2 MISSING
19 MISSING 3 MISSING
20 3 3 MISSING
21 3 MISSING MISSING
22 MISSING 3 MISSING
23 3 3 MISSING
24 3 MISSING
25 3 3 MISSING
26 3 3 3
27 3 2
28 3 3 3
29 3 3 3
30 3 3 3
31 3 3 3
32 3 3 3
33 3 3 MISSING
34 3 3 MISSING
35 3 3 MISSING
36 3 3 MISSING
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37 3 3 3

38 3 3 MISSING
39 3 3 MISSING
40 3 3 3

41 3 3 MISSING
42 3 3 3

43 1 1 2

44 3 3 3

45 3 3 MISSING
46 3 3 MISSING
47 2 3 3

48 3 3 MISSING
49 3 3 2

50 3 3 MISSING
51 3 3 3

52 3 3 3

53 3 3 MISSING
54 3 3 MISSING
55 3 3 MISSING
56 3 3 3

57 3 3 MISSING
58 3 3 3

59 3 3

60 3 3 3

61 3 3 3

62 3 3 3

63 3 MISSING 3

64 3 3 MISSING
65 3 3 3

66 3 3 3

67 3 3 MISSING
68 3 3 MISSING
69 3 MISSING MISSING
70 3 3 MISSING
71 3 MISSING
72 3 3 MISSING
73 3 3 3

74 3 3 3

75 3 2 MISSING
76 3 3 MISSING
77 3 3 MISSING
1
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16
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5.5 Distribution of cores in the hypopharynx

Table 5-3 Distribution of cores in hypopharynx — TMA set 2

HYPOPHARYNX — NUMBER OF CORES
Patient ID Tumour core Advancing front Normal tissue Lymph node

1 3 3 3
2 3 3 2
3 3 3 1
4 3 3 MISSING
5 MISSING 2 3
6 2 3 MISSING
7 3 3 MISSING
8 3 3 3
9 2 2 MISSING
10 MISSING 3 3
11 2 3 MISSING
12 3 3 MISSING
13 2 3 2
14 3 3 2
15 3 3 MISSING
16 3 2 3
17 3 3 2
18 2 2 MISSING
19 2 3 2
20 3 2 2
21 MISSING 3 MISSING
22 2 3 3
1 3
2 3
3 3
4 2
5 1
6 2
7 3
8 3
9 3
10 3
11 3
12 3
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