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Abstract

Oesophageal carcinoma is one of the most aggressive malignancies and the sixth
leading cause of cancer-associated mortality worldwide. Being the most prevalent
histological subtype, oesophageal squamous cell carcinoma (ESCC) accounts for
approximately 90% of oesophageal cancer cases. Both genetic and epigenetic alterations
contribute to the pathogenesis of ESCC along with considerable diversity in clinical
behaviour and prognosis. In-depth biochemical research on rapid profiling and
quantification of potential biomarkers are crucial in the clinical management of patients
with cancer for developing effective diagnostic tools along with the accurate prediction
of prognosis and therapy response in cancer. Currently, there are many conventional and
nanotechnological approaches for screening clinically relevant various genetic and
epigenetic biomarkers such as point mutation, DNA methylation, global methylation for
the early diagnosis and management of ESCC, resulting in a 10% five-year survival rate
for patients. Despite excellent analytical performances of the existing detection
methodologies, electrochemical approaches offer a promising alternative for simple,
sensitive, specific, rapid, and cost-effective analysis of genetic and epigenetic
biomarkers in cancer samples. Therefore, innovative technology using electrochemical
approach would be an effective way for the detection of biomarkers in patients with
cancer.

FAM134B (Family With Sequence Similarity 134, Member B), also known as JK1
is a novel protein-coding gene sited at chromosome 5p15.1 that plays a key role in
cancer cell biology and autonomic neurological disorders via regulating its expression
pattern and cellular autophagy. In this thesis, for the first time, we identified several
biomarkers including FAM134B copy number, mRNA and protein expressions along
with relationship among different clinical and pathological parameters in ESCC.
Initially, 102 matched fresh tissue samples of ESCC, and non-cancer adjacent tissues
were recruited after histopathological analysis. The DNA copy number variation and
MRNA expression of FAM134B in ESCC were studied and analysed by quantitative
real-time polymerase chain reaction (QRT-PCR) and AACt and Ct ratio methods
respectively. FAM134B DNA and mRNA were detectable in all the samples used in this
study. In ESCC, 37% showed increased FAM134B copies whereas 35% showed loss of
FAM134B copies relative to matched non-tumour tissues. The DNA copy number of

FAM134B in the cancer population was found to have no relationship with the
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clinicopathological parameters of the ESCCs. This results implied that this gene might
act as both oncogene and tumour suppressor in the progression of ESCC. For profiling
of MRNA expression in ESCC tissues, 49% showed overexpression of FAM134B while
47% revealed downregulation of FAM134B when compared to matched non-neoplastic
tissues. For the first time, this study has detected FAM134B protein expression in ESCC
cells. Protein quantification was analysed via Western blot. Immunofluorescence was
performed to examine localisation and expression changes of FAM134B proteins in
different ESCC cell lines (HKESC1, HKESC4, KYSE70 and KYSE510) and non-
neoplastic squamous epithelial cell line (HACAT). FAM134B protein was localised and
expressed in both cytoplasm and nucleus of ESCC cells. The protein expression was
noted to be expressed differentially among ESCC cell lines. The altered expression of
FAM134B at protein and mRNA levels suggest its fundamental role in the pathogenesis
of ESCC.

In addition to profiling of copy number and expression of FAM134B, this thesis
also reported the novel mutation sites of FAM134B in ESCC tissue samples via high-
resolution melt curve (HRM) and Sanger sequencing analysis. Overall, 37% FAM134B
mutations were documented in exons 4, 5, 7, 9 as well as introns 2, 4-8 of FAM134B.
Also, FAM134B mutations were detected in all the metastatic ESCC cases and in 14%
of the primary ESCC. The altered expression patterns and copy number variations
of FAM134B in ESCCs might be modulated by these mutation changes. In this study, a
significant association of FAM134B mutations with metastasis was found in ESCC
tissues.

After genomic profiling of FAM134B, this thesis reports a new electrochemical
method for quantification of the level of point mutation or SNPs in FAM134B gene
using a single-use and disposable screen-printed electrode. The principle of the method
relies on the base dependent affinity interactions of DNA with the gold surface. Since
two DNA sequences with different DNA base compositions will have different
adsorption affinity towards an unmodified gold electrode, accurate measurement of
adsorbed DNA on the electrode surface will give the measure of a point mutation or
SNPs present in the DNA sequences. A number of mutation sites in a DNA sequence
are quantified by monitoring the Faradaic current generated by the [Fe(CN)g]*"* system
present in the electrolyte solution. Using this method, we were able to detect mutations
in 50 ng of target PCR-amplified product within 1 hour with high reproducibility (%
RSD= <2) and specificity.
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Then, we reported a novel method for the detection of regional DNA methylation
using base-dependent affinity interaction (i.e., adsorption) of DNA with graphene. Due
to the strongest adsorption affinity of guanine bases towards graphene, bisulfite-treated
guanine-enriched methylated DNA leads to a larger amount of the adsorbed DNA on
the graphene-modified electrodes in comparison to the adenine-enriched unmethylated
DNA. The level of the methylation is quantified by monitoring the differential pulse
voltammetric current as a function of the adsorbed DNA. Graphene-DNA based assay is
sensitive to distinguish methylated and unmethylated DNA sequences at single CpG
resolution by differentiating changes in DNA methylation as low as 5%. We anticipated
that our assay might be able to detect global hypomethylation.

For the detection of gene-specific DNA methylation, another simple
electrochemical method was developed and validated with methylation specific high
resolution melting (MS-HRM) curve analysis and Sanger Sequencing. The underlying
principle of the method relies on the affinity interaction between DNA bases and the
unmodified gold electrode. Since the affinity trend of DNA bases towards the gold
surface follows as adenine; (A) > cytosine (C) > guanine (G)> thymine (T), a relatively
larger amount of bisulfite-treated adenine-enriched unmethylated DNA adsorbs on the
screen-printed gold electrodes (SPE-Au) in comparison to the guanine-enriched
methylated sample. The methylation levels were quantified by measuring the saturated
amount of charge-compensating [Ru(NHs)s]*>* molecules in the surface-attached DNAs
by chronocoulometry as redox charge of the [Ru(NH3)s]** molecules quantitatively
reflects the amount of the adsorbed DNA confined at the electrode surface. Our
electrochemical assay can successfully distinguish methylated and unmethylated DNA
sequences at single CpG resolution. In addition, our assay showed fairly good
reproducibility (% RSD= <3.5%) with greater sensitivity and specificity in detecting
different levels of methylations in cell line and tissue samples from patients with ESCC.

Finally, we reported a combined biosensing strategies which integrated simple
colorimetric (naked-eye) and electrochemical methods for relatively rapid, sensitive and
specific quantification of global methylation levels. Our approach utilises a three-step
strategy, (i) initial adsorption of the extracted, purified and denatured bisulfite-treated
DNA on a screen-printed gold electrode (SPE-Au), (ii) immuno-recognition of
methylated DNA using HRP-conjugated anti-methylcytosine antibody and (iii)
subsequent colorimetric and electrochemical detection of global DNA methylation were
achieved by the enzymatic oxidation of 3,3',5,5'-Tetramethylbenzidin (TMB)/H20:
which generated a blue-colored complex in the presence of HRP-conjugated
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methylated DNA (colorimetric). As TMB o) is electroactive, it also produced detectable
amperometric current at 150mV vs Ag pseudo-reference electrode (electrochemical
detection). The developed methods showed good reproducibility (% RSD= <5%) with
fairly good sensitivity (as low as 5% differences in methylation levels) and specificity
while analysing various levels of global DNA methylation in synthetic samples and cell
lines (n=3). The method has also been tested for analysing methylation level in fresh
tissues samples collected from patients (n=8) with ESCC.

In summary, this thesis has provided the genomic profiling for FAM134B as a
potential novel biomarker for ESCCs followed by the successful development of several
electrochemical technologies based on gold-DNA and graphene-DNA affinity
interactions for the detection of genetic (point mutation or SNPs) and epigenetic (global
and regional DNA methylation) biomarkers. The applicability of the methods developed
here was tested in cancer cell lines and clinical samples derived from patients with
ESCC. We believe that these proof-of-concept methods will find relevance as
alternative diagnostic tools in both clinical diagnostics and research settings allowing

more personalized monitoring and better clinical management of patients with ESCC.
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General Introduction
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1.1 Background

This research intends to investigate the mutational effect of a novel gene of
unknown function, called FAM134B in human cancers. There is some evidence that
mutations of FAM134B are a cause of human hereditary sensory and autonomic
neuropathy type 1IB (HSAN I1IB) diseases. Generally, the human genome receives
exogenous and endogenous attacks that could promote genetic mutations, regional DNA
methylation, global methylation, chromosomal rearrangements and finally the
development of cancer. Mutations and genetic polymorphisms in coding gene sequences
might entail functional alteration of genes. This study is also designed to reveal out the
novel gene mutation site in human cancers. Recent studies suggest that FAM134B is a
growth-related gene which implements a significant role in cancer pathogenesis.
Previously, our laboratory showed that it act as tumour suppressor gene in colon cancer
whereas other study reveals its role as an oncogene in oesophageal squamous cell
carcinoma (ESCC). It signified that down-regulation of the gene might happen as a result
of mutation and promoter hypermethylation whereas upregulatory role might depend on
the other interacting partners of the gene in cancer metabolism. Evidence suggests that
the gene has functions in various normal human tissues. Genes may be copied in cancer,
or they may be used in different pathways than in normal tissue. This research will explore
any changes of gene behaviour in FAM134B and its potential interactions with other
cancer-causing genes. Genetic material will be extracted from the cancers as well as the
behaviour of the FAM134B gene will be detected. The alterations in FAM134B will be
compared to normal tissue as well as very early cancers. In addition, the research also
intends to determine whether this novel gene is a significant contributor to the progression
of cancer and if it could be used as a target for therapy as well as early detection marker.

This research will explore the development of novel electrochemical technologies
for the detection of clinically relevant biomarkers such as point mutation, gene-specific
DNA methylation, and global DNA methylation in oesophageal squamous cell carcinoma
based on gold-DNA and graphene-DNA affinity interactions using single disposable
screen-printed electrode. Since the affinity interaction (adsorption) trend of DNA bases
with gold surface follows as adenine (A) > cytosine (C) > guanine (G)> thymine (T), two
DNA sequences with different DNA base compositions will have different adsorption
affinity towards an unmodified gold electrode, accurate measurement of adsorbed DNA
on the electrode surface will give the quantity of point mutation or SNPs, regional DNA
methylation and global DNA methylation present in the DNA sequences. On the other
hand, similar to the gold substrate, graphene has been reported as promising substrates
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for adsorbing nucleobases and nucleosides. The adsorption of nucleobases onto the
graphene surface follows the adsorption trend as guanine (G)> adenine (A)> thymine
(T)> cytosine (C). Because this interaction is base (i.e., sequence) dependent and bisulfite
conversion generates two DNA sequences with different base compositions, bisulfite-
converted two DNA sequences should give different adsorption patterns on the graphene
surface. Profiling and quantitative measurement of regional DNA methylation will be
performed via accurate measurement of adsorbed DNA on the graphene-modified
electrode surface. Growing number of evidence suggests that electrochemistry based
techniques offer a promising alternative for biomarkers detection in clinical diagnostics
and research purpose due to their high sensitivity and specificity, cost effectiveness, and
compatibility with the miniaturisation. A practical advantage of electrochemical detection
could have future implications in translating to cheap assays using single-use screen-
printed electrodes, which is an ideal tool due to their low cost, disposability and design

flexibility as compared to traditional electrode materials. A detailed background and

review are given in Chapter 2.

1.2 Aims and Hypothesis:

The main aim of this project is to explore the role of FAM134B (JK1) in oesophageal
squamous cell carcinoma and develop innovative electrochemical technologies for the
early detection of various biomarkers of oesophagal squamous cell carcinoma. This
research will investigate the mutational effects of FAM134B in different tissue samples,
and cell lines of oesophageal squamous cell carcinoma (ESCC) at molecular and
functional level. This study will also elucidate screening method for FAM134B point
mutation from different tissue samples of ESCC using molecular biological approach.
This study will identify the role of FAM134B in the progression and development of
ESCC by checking the DNA copy number changes and mRNA expression in different
cancer tissues, cell lines and blood samples. Eventually, we will gain a better
understanding of the role of FAM134B gene in the pathogenesis of oesophageal squamous
cell carcinogenesis. At the same time, a novel electrochemical detection method of
various biomarkers like point mutation, regional (Targeted FAM134B methylation) and
global methylation in ESCC will be studied based on gold-DNA and graphene-DNA
affinity interaction using single disposable screen-printed electrode. This will be achieved

with the following specific research objectives;
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Aim 1

Molecular profiling and clinicopathological significance of FAM134B in

oesophageal squamous cell carcinoma patients.

Key objectives include

(@) Analyse DNA copy number changes of FAM134B in oesophageal squamous cell
carcinoma tissues and cell lines

(b) Examine FAM134B mRNA expression changes in oesophageal squamous cell
carcinoma tissues and cell lines

(c) Identification, cellular localisation and expression pattern at protein level of
FAM134B in various cell lines of oesophageal squamous cell carcinoma

Hypothesis: Cancer will show genetic alterations of FAM134B in comparison to

control samples which will be correlated with pathological and physiological

characteristics of cancer.

Aim 2

Identification of Novel mutation sites of FAM134B and its clinical applications
in different tissue samples of oesophageal squamous cell carcinoma.

Hypothesis: Carcinogenesis takes place in somatic mutations of the oncogenes or
tumor suppressor genes and the low expression of FAM134B might relate to other
genetic events such point mutation, and DNA methylation (regional and global
methylation).

Aim 3

Development of novel nanotechnological approaches for the detection of genetic

and epigenetic biomarker and its clinical applications in oesophageal squamous

cell carcinoma.

Key objectives include

(a) Development of the nanotechnological approaches for FAM134B mutation
detection and its clinical significance in oesophageal squamous cell carcinoma.

(b) Development of nanotechnological approaches for targeted FAM134B promoter
methylation and its clinical application in oesophageal squamous cell carcinoma.

(c) Development of nanotechnological approaches for Global methylation and its
clinical application in oesophageal squamous cell carcinoma.

Hypothesis: Novel nanotechnology approaches will show same or higher

sensitivity/specificity for detecting the genetic and epigenetic abberations in ESCC.
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1.3 Significances

Cancer is one of the leading causes of death in Australia estimating for 3 in every 10
deaths. It has been anticipated that approximately 130,470 new cases are diagnosed in
2016 and more than 44,000 people died from cancer in Australia (Cancer council, NSW,
2015). Approximately 482,300 new cases of oesophageal cancer and 406,800 mortalities
from this malignancy are documented each year worldwide and the overall five-year
survival rate is below 10 percent (Jemal et al., 2011). In Australia, oesophageal cancer
affects about 1450 people in each year (Cancer council, NSW, 2015). Presently, cancer
costs in Australia are more than 8.2 billion dollars per year. It is a global health concern
as well as a most important health problem in our region. The proposed research projects
will investigate the molecular and functional role as well as the clinical significance of
FAM134B gene in human ESCC pathogenesis which could be an extremely useful tool
in both diagnosis and treatment. The initial research indicated that FAM134B is
upregulated in ESCC whereas it is downregulated in colorectal carcinoma. It suggested
that upregulatory role of FAM134B might depend on the several other interacting partners
of this gene in cancer metabolism whereas it might be down-regulated due to mutation
and promoter hypermethylation. The current research project intends to identify the novel
mutation sites of FAM134B and its clinical significance in ESCC which in turn will
broaden the horizon of knowledge in ESCC pathogenesis. Also, the research reveals DNA
copy number changes and profiling of FAM134B promoter hypermethylation in ESCC.
It has also been known that novel FAM134B is linked to the pathogenesis of several other
diseases such including hereditary sensory and autonomic neuropathy, allergic rhinitis
and vascular dementia. So, it is believed that FAM134B may associate with a complex
biological network. Intensive research based on the molecular and functional mechanism
of this novel gene will give us deeper knowledge of their potential role in the pathogenesis
of human dieases including cancer. This project will also explore the expression pattern
of FAM134B in ESCC cells and tissues from different pathological stages. A large
number of patient samples will be used for further examination of whether an
overexpression of JK1 in ESCC tumour cells could be a potential prognostic marker for
determining regional lymphnode metastatic potential, invasiveness and aggressiveness of
tumours. Due to the complexity of cancers, the early detection of ESCC is more important
at the moment. If FAM134B can be detected as a blood-borne marker, it may enable the
development of a simple test that can detect cancer prior to the development of obvious
symptoms. This would be of enormous benefit, particularly for cancers without an

effective early detection method.
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The recent advances in molecular biology have now given rise to a large number of
potentially useful genetic, epigenetic and other novel molecular biomarkers for the
development of diagnostic methods for many diseases including cancer. It is now widely
recognised that investment in innovative, cost-effective diagnostic technologies which
can detect cancers early, monitor and personalise their treatment, can potentially provide
the greatest social and economic benefits. Over the past several years, a great deal of
effort has been devoted towards the development of effective cancer diagnostic
technologies, most of these approaches are largely inadequate for inexpensive, simple,
and portable readout for the diagnosis of cancer. This PhD project will intend to yield the
innovative electrochemical technologies for the detection of biomarkers such as point
mutation, regional methylation, global methylation in complex biological samples of
ESCC via interaction of DNA with gold and graphene using single disposable screen-
printed electrode. The method developed from this PhD will potentially be applicable in
clinical settings due to their high sensitivity and specificity, cost-effective readout, and
compatibility with the miniaturisation (i.e., amenable with the point-of-care devices).
Eventually, it will enable practitioners to improve the better clinical management of
patients with ESCC.

1.4 Structure of the thesis
This thesis includes eight chapters. Chapters 4, 5 and 6 are a collection of journal papers
that have been published. Chapter 7 and 8 are research articles submitted to peer-reviewed

journals.
Chapter 1 Introduces the aims, background and significance of this research.

Chapter 2 depicts a literature review focusing the recent progress made in the
investigation of the molecular genetics of oesophageal cancer and the role of FAM134B
gene in the pathogenesis of chronic diseases including cancer. Also, this chapter
highlights the application of various nanotechnological approaches for the detection of
genetic and epigenetic biomarkers in cancer.

Chapter 3 presents the expression and copy number profiling of FAM134B in
oesophageal squamous cell carcinoma. DNA copy number and mRNA expression of
FAM134B gene showed significant variations in ESCC tissues suggesting its potential

role in the pathogenesis of ESCC.

Md. Hakimul Haque (s2864831) 23 School of Medicine

Chapter 1



Screening clinically relevant biomarkers in cancer

Chapter 4 highlights the detection of novel mutation sites of FAM134B via molecular
biological methods and its clinical significances in oesophageal squamous cell carcinoma.
The detection of novel mutations in different exons and introns of FAM134B via HRM

and Sanger sequencing analysis is presented.

Chapter 5 describes the nanotechnological approaches for FAM134B mutation detection
and its clinical significance in oesophageal squamous cell carcinoma. A relatively simple
and inexpensive electrochemical method is showed for detecting point mutation in cancer
by using the direct adsorption of purified DNA sequences onto an unmodified gold
surface. The method relies on the base dependent affinity interaction of DNA with gold.
This method can successfully distinguish single point mutation in DNA from oesophageal

cancer.

Chapter 6 Development of nanotechnological approaches for regional methylation of
FAM134B gene in ESCC and its clinical application in oesophageal squamous cell
carcinoma is highlighted. A new method for the detection of regional DNA methylation
using base-dependent affinity interaction (i.e., adsorption) of DNA with graphene is
presented. The level of the methylation is quantified by monitoring the differential pulse
voltammetric current as a function of the adsorbed DNA. The assay is sensitive to
distinguish methylated and unmethylated DNA sequences at single CpG resolution by

differentiating changes in DNA methylation as low as 5%.

Chapter 7 Development of a cost-effective nanotechnological approach for the sensitive
and selective detection of gene-specific DNA methylation and its clinical application in
oesophageal cancer is presented. The underlying principle of the method relies on the
affinity interaction between DNA bases and the unmodified gold electrode. The
methylation levels were (i.e., different level of surface-attached DNA molecules)
quantified by measuring saturated amount of charge-compensating [Ru(NHs)e]**
molecules in the surface-attached DNAs by chronocoulometry as redox charge of the
[Ru(NH3)s]®" molecules quantitatively reflects the amount of the adsorbed DNA confined
at the electrode surface. The assay could successfully distinguish methylated and
unmethylated DNA sequences at single CpG resolution and as low as 10% differences in
DNA methylation.

Chapter 8 presented a simple colorimetric (naked-eye) and electrochemical methods for
relatively rapid, sensitive and specific quantification of global methylation levels and its

clinical significance in oesophageal cancer. Our approach utilises a three-step strategy,
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(i) initial adsorption of the extracted, purified and denatured bisulfite-treated DNA on a
screen-printed gold electrode (SPE-Au), (ii) immuno-recognition of methylated DNA
using HRP-conjugated anti-methylcytosine antibody and (iii) subsequent colorimetric
and electrochemical detection of global DNA methylation were achieved by the
enzymatic oxidation of 3,3',5,5'-Tetramethylbenzidin (TMB)/H20. which generated a
blue-colored complex in presence of HRP-conjugated methylated DNA (colorimetric).
As TMByox) Is electroactive, it also produced detectable amperometric current at 150mV
vs Ag pseudo-reference electrode (electrochemical detection). The assay could
successfully distinguish the samples before and after de-methylating drug-treated cells. It
showed good reproducibility (% RSD= <5%) with fairly good sensitivity (as low as 5%
differences in methylation levels) and specificity while analysing various levels of global

DNA methylation in cells and tissue samples from patients with ESCC.

Chapter 9 Summary and Conclusions are provided.
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Introduction

The aim of this chapter to understand the current knowledge of genetic and
epigenetic profile involving in the progression of oesophageal squamous cell carcinoma
and focussing their application on the development of novel diagnostic tools for the
clinical management of patients with ESCC. We also address the functional mechanism
of new genetic players in the development and progress of ESCC. Through literature
surveys, the role of FAM134B gene in the pathogenesis of chronic diseases including
ESCC is highlighted and understood. Then, we critically analysed the current literature
in the arena molecular mechanism of FAM134B gene in chronic disease including cancer.
Also, we thoroughly analyse and address the recent developments of various
electrochemistry based approaches and their major technical and biological limitations

for the detection of genetic and epigenetic biomarkers in cancer.

2.1 Introduction to oesophageal cancer
2.1.1 Anatomy of oesophagus

The human oesophagus is a hollow muscular tube about 25 cm long and 2.5 cm
diameter. It lies posterior to the trachea and the heart, passing through the mediastinum
and penetrating the stomach through the hiatus of the diaphragm. Generally, the
oesophagus has three main parts such as the cervical oesophagus, thoracic oesophagus
and abdominal oesophagus (Pearson et. al., 2002). The cervical oesophagus begins from
the cricopharyngeal muscle junction in pharynx to thoracic inlet and is situated at 15-18
cm long from incisor teeth (Holland et. al., 2000). The thoracic oesophagus starts at the
suprasternal notch to the hiatus at the diaphragm which has 3 parts. The upper thoracic
portion extends from the thoracic inlet to the level of the tracheal bifurcation and is
located at about 18-24 cm from the incisor teeth (Holland et. al., 2000). The midthoracic
portion lies between the tracheal bifurcation and the oesophagogastric junction and is
positioned at approximately 24-32 cm from the upper incisor teeth (Holland et. al., 2000).
The lower thoracic portion sited between the tracheal bifurcation and the
oesophagogastric junction and can be found at 32-40 cm from the upper incisor teeth
(Holland et. al., 2000). The abdominal oesophagus is located at 40-48 cm from incisor

and starts from the esophagogastric junction to the gastric cardia (Pearson et. al., 2002).
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2.1.2 Tumours of oesophagus

Histologically, oesophageal cancer exists in two main types with distinct
etiological and pathological characteristics such as oesophageal squamous cell carcinoma
(ESCC) and oesophageal adenocarcinoma (EADC) (Fiugure 1). ESCC is the most
common histological subtype (approximately 60%) among all the oesophageal tumours.
It has a relatively even distribution in the upper, middle and lower sections of the
oesophagus (Gore and Levine, 2000). A sequence of histological changes in the
epithelium can be recognised during the progression of ESCC (Lam and Ma, 1997). This
sequence comprises basal cell hyperplasia (BCH), dysplasia (DYS), carcinoma in situ
(CIS) and carcinoma (Mandard et al., 2000). Most of the EADC develops in the distal
oesophagus and it may extend into the stomach depend on its position near the
gastroesophageal junction. EADC develops in Barrett’s oesophagus in a stepwise
progression from specialised metaplastic columnar epithelium to dysplasia, followed by
the change of early adenocarcinoma to deeply invasive and metastatic disease (Haggitt,
1992). Distinctive gross and histopathological features of ESCC are described below:
Gross appearance

Macroscopically, advanced ESCC can be parted into fungating, ulcerating or
infiltrative. The fungating type exhibits as polypoidal, irregular and bulky masses of
tumours that protrude into the lumen. Tumours of the ulcerating type can be seen as
relatively flat masses in which the bulk of the tumour is replaced by ulceration. The
infiltrative type is the most frequent type in which the wall of the oesophagus usually
becomes thickened, the lumen becomes narrow and turns the texture as rigid.
Histopathological features

ESCC can be graded as well, moderately, poorly or undifferentiated types. The
well-differentiated tumours have cytological features that closely resemble those of
normal oesophagal squamous epithelium. Squamous nests, keratin pearls, intercellular
bridges and cells undergoing differentiation can be found. In contrast, poorly-
differentiated tumors lose most of the above features and have a high nucleus-cytoplasmic
ratio. Although individual cell keratinization may still be present, no keratin pearls are
formed. Moderately-differentiated tumors are those with features in between well and
poorly differentiated types. Undifferentiated tumors have no glandular or squamous
structure or other features to indicate definite differentiation. Pleomorphic nuclei and

scanty cytoplasm with many mitotic figures can be found in these tumour cells.
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Figure 1. (A &B) Anatomy and Histology of oesophageal squamous cell
carcinoma. A, Squamous cell carcinoma most frequently is found in the mid-
esophagus, where it commonly causes strictures. B, Squamous cell carcinoma
composed of nests of malignant cells that partially recapitulate the stratified
organization of squamous epithelium.

2.1.3 Epidemiology

ESCC is the eighth most aggressive malignancies generated in the upper
aerodigestive tract and ranks the sixth leading cause of cancer-associated death in the
world (Lam, 2000; Chattopadhyay, 2014). Globally, it categorises as the sixth most
common cancer among male and ninth most frequent cancer among female.
Approximately 482,300 new cases of oesophageal cancer and 406,800 mortalities from
this malignancy are documented each year worldwide and the overall five-year survival
rate is below 10 percent (Jemal et al., 2011). In Australia, Oesophageal cancer affects
about 1450 people in each year (Cancer council, NSW, 2015). Males are three times more
likely to develop oesophageal cancer than females. The risk of oesophageal cancer
increases with age. However, the incidence of oesophageal cancer varies significantly
between developed and developing countries (Lam et al., 2000). The high-risk areas are
known as the oesophageal cancer belt, which extends from north-central China westward
through Central Asia to northern Iran. The extremely high incidence of oesophageal
cancer has been accounted from certain parts of China, Iran, South Africa, Uruguay,
France and Italy (Stoner and Gupta, 2001).
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2.1.4 Etiology

The aetiology of oesophageal cancer is believed to be complex and consisted of
multiple factors, those instigated by the environment being of utmost significance (Figure
2) (Hendricks and Parker, 2002). Tobacco use and alcohol consumptions are a potential
threat and a well-known risk factors for ESCC (‘Yasushi et. al., 2010). A highly processed
diet, red meat, certain preservatives (such as lye), and nutrients such as vitamins A, C, E,
R-carotene, folic acid, B12, riboflavin and certain trace elements (such as zinc) deficient

fruits and vegetables also possess the risk factors for ESCC (Lam, 2000; Engel et al.,

2003; Tran et al., 2005).
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Figure 2. Established risk factors in the etiology of ESCC, Liyanage et al., 2013.
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Exposure to radiation and certain industrial chemicals (such as perchlorethylene,
combustion products and asbestos) and the ingestion of hot food and beverages have been
occupied as a thermal injury in the pathogenesis of ESCC (Ward, 2005; Islami et al.,
2009). Finally, recent findings in molecular biology attribute infectious agents as causal
factors in ESCC, either acting directly on oncogenes or by aiding carcinogenic
mechanisms. Mycotoxins with carcinogenic properties are identified as to have the
potential to produce nitrosamine in food that has been linked to ESCC. While
Helicobacter pylori have been ascribed as a protective agent against ESCC, other bacteria
are supposed to possibly produce carcinogens that able to play role in causing disease
(Wu et al., 2005). Recent studies on the molecular biology of ESCC contemplate on the

viral etiopathogenesis and cancer susceptible genes to chemical carcinogens.
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2.1.5 Symptoms

Early stage oesophageal carcinoma is totally asymptomatic with incidental
findings at endoscopy or may present with mild nonspecific symptoms such as heartburn,
atypical chest pain, or dyspepsia (Watanabe et al., 2014; Elton, 2005). Symptoms of
advanced oesophageal carcinoma become noticeable with tumour growth. An initial
symptom of the oesophageal cancer is dysphagia (difficulty in swallowing) which may
progress from an inability to swallow solids is followed by difficulty in swallowing
ground food and finally liquids. Advanced oesophageal carcinomas clinically
experienced with mild or intermittent dysphagia, odynophagia or a foreign body
sensation, dyspnea, weight loss and anorexia (Elton, 2005). Gastrointestinal reflux,
regurgitation, and epigastric pain are the additional symptoms of oesophageal
adenocarcinoma (Elton, 2005). Hoarseness is usually associated with recurrent laryngeal
nerve paralysis. Hiccups may occur due to the mediastinal or diaphragmatic involvement
of the tumour. Anaemia due to gastrointestinal bleeding and weakness may be present if
the tumour is ulcerated and friable.

2.1.6 Diagnosis and Treatment

Diagnosis can be made for patients with ESCC to confirm and determine the
disease stage for initiation of appropriate therapeutic measures. ESCC can be diagnosed
by non-invasive methods like Barium contrast radiography or endoscopic methods such
as Chest X-ray, Gastrointestinal endoscopy, Endoscopic brush cytology, Endoscopic
ultrasonography (EUS) or computed tomography (Watanabe et al., 2014; Pearson et al.,
2002). CT scanning can be performed for the 3-dimensional evaluation of the oesophagus
in relation to its adjacent structures. Currently, there are several ways used for treatment
of ESCC including resection, external beam radiotherapy, chemotherapy, photodynamic

therapy depending upon the stage of cancer (Watanabe et al., 2014; Pearson et al., 2002).

2.2 Molecular genetics of oesophageal Squamous cell carcinoma
2.2.1 Viral etiopathogenesis

Human papilloma virus (HPV) is a closed circular double-stranded DNA virus
belongs to the papovavirus family that play a vital role in the progression of ESCC.
Among, more than 200 different HPV genotypes, HPV-16 and 18 are the predominant
types identified in ESCC (Bernard et al., 2010). Other HPV types detected in ESCC
include HPV 6, 11, 26, 30, 31, 33, 35, 39, 45, 51, 52, 53, 56, 57, 58, 66 and 87 (Chang et
al., 2000; Lu et al., 2008; Wang et al., 2010; Moradi and Mokhtari-Azad, 2006; Mohseni,
2010; de Villiers et al., 2004; Liyanage et al., 2013).
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It has been suggested that higher rates of HPV infection were observed in ESCC of patient
from high risk areas such as China, Iran, Japan, India, and South Africa. The incidence
of HPV in ESCC ranges from 13% to 46% and the overall incidence is 29%. The
variations of environmental, geographic or genetic factors may influence in susceptibility
to oesophageal HPV infection for different populations (Lam, 2000). In contrast, Epstein—
Barr virus (EBV) is a double-stranded DNA virus belongs to the herpes virus family
which is correlated with Hodgkin’s disease, Burkitt’s lymphoma, gastric and esophageal
cancer (Paraskevas and Dimitroulopoulos, 2005). Awerkiew et al. in Germany showed
that EBV DNA was detected in 35% of squamous cell carcinomas and 36% of
adenocarcinomas by nested polymerase chain reaction (Awerkiew et al., 2003). The
negative result was reported in ESCC from 103 Chinese patients by Chang et al., 2000.

Hence, the significance of EBV in ESCC carcinogenesis is currently not supported.

2.2.2 Susceptible genes to chemicals

A variety of toxic chemicals in the diet or in the environment are associated with the risk
of oesophageal cancer. A number of genes encoding carcinogen, alcohol and folate
metabolic enzymes plays a significant role in the progression of oesophageal cancer via
genetic polymorphism (Hiyama et al., 2007). The enzymes produced by these genes
comprise cytochromes P450 (CYPs), sulfotransferases (SULT), glutathione S-
transferases (GSTs), N-acetyltransferases (NATS), alcohol dehydrogenases (ADHS),
aldehyde dehydrogenases (ALDs), Methylenetetrahydrofolate reductase (MTHFR) etc.
CYPs variants such as CYP1A1, CYP2E1, CYP2A6 and CYP3A5 have been implicated
in the progression of ESCC (Dandara et al., 2006). The combined association between
null genotype of GSTT1, GSTP1 and GSTML1 increases oesophageal cancer risk ( Yi and
Li, 2012; Moaven et al., 2010). CYP2E1, ALDH2 and ADH1B genotypes are associated
with oesophageal cancer risk among moderate-to-heavy drinking males and detection of
those genes may become a useful index for early detection of oesophageal cancer (Guo
etal., 2008). Wu et al. in China identified several new ESCC susceptible SNPs, including
ADH1B rs1042026 and rs17033, ADH1C rs1614972 and rs1789903 as well as ADH7
rs17028973 through a GWAS analysis (Wu et al., 2012). The ADH1B-ADH1CADH7
cluster polymorphisms were associated with risk of ESCC in Chinese populations (Wang
et al., 2014). Polymorphisms in folate metabolic genes may also involve in the
progression of ESCC. Recent studies in China suggested that MTHFR C677T
polymorphism might be associated with a risked of ESCC (Wang et al., 2005; Gao et al.,
2004). SNPs in key genes involved in nucleotide excision repair (NER) and base excision
repair (BER) pathways are associated with oesophageal cancer (Tse et al., 2008).
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2.2.3 Keratin

Keratins are a family of nearly 30 different related cytoplasmic proteins which
plays a vital role in the ESCC pathogenesis. These keratin polypeptides are the product
of various genes and expressed in diverse cells at different stages of cancer progression.
Several studies have shown the altered expression of CK protein in the development of
ESCC (Jazii et al., 2006; Du et al., 2007; Makino et al., 2009). CK10 was frequently
related with well-differentiated ESCC. Recent studies reported that keratinl, keratin 8
and keratin 13 were overexpressed in ESCC, while keratin 4 and keratin 14 were
downregulated (Jazii et al., 2006; Chung et al., 2006). CK18 were found of 42.9% positive
in oesophageal cancer. Significant differences in expression of CK8, 18, and CK19 were
reported between lymph node positive and lymph node negative ESCC (Cintorino et al.,
2001). A recent study by Xue et al. observed that CK14 diffusely positive in ESCC
whereas the underexpression of CK4 in the ESCC was an early event (Xue et al., 2006).
It was reported that CK4 underexpression, and the overexpression of CK5, CK8 and
CK14 were useful in differentiating normal epithelium from cancer in the general
population while CK4 underexpression and CK14 overexpression were useful to
differentiate normal epithelium from ESCC in the high-risk population (Singh et al.,
2009).

2.2.4 Alteration of cancer-related genes in ESCC

It is known that there are several classes of genes involved in the initiation and
development of oesophageal squamous cell carcinoma such as proto-oncogenes, tumor
suppressor genes, telomerase activity and genes related to metastasis and apoptosis but to
date no gene directly allied to ESCC has been identified (Kwong, 2005). Table 1
illustrates the nomenclature, chromosomal location and mechanisms of the genes that
have been studied in oesophageal cancer.

Aberrant regulation of growth factors and their receptors play a significant role in
the progression of ESCC (Ekman et al., 2007). Growth factors regulate growth and
development of cells which is supposed to be supplied by distant glands and tissues,
neighbouring cells, or by tumour cells (Figure 3). They exert their effects by binding to
a specific receptor on the cell surface which is stimulated the tyrosine kinase activity and
eventually phosphorylation of specific residues occurs in the intracellular domain of
receptors. Then, phosphorylated cytoplasmic domains trigger signalling pathways for
promoting cellular proliferation and survival (Pawson et al., 2002). Fibroblast growth

factor (FGF) regulates growth and differentiation of cells. Overexpression and release of
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FGF-2 by stromal fibroblasts correlate with tumour recurrence and short survival in
oesophageal cancer patients (Oshima et al., 2010; Barclay et al., 2005). Studies suggest
that FGF-2 is involved in carcinogenesis through degradation of extracellular matrix,
secretion of growth factors, stimulation of cancer cell proliferation, induction of
angiogenesis, cell mobility, inhibition of cell adhesion, and promotion of epithelial-

mesenchymal transition (Zhang et al., 2009).
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Figure 3. Molecular signalling pathways of cancer. Black arrows represent the
secretion of growth factors by tumor or stromal cells. Blue arrows represent the secretion
of chemokines by tumor cells to induce stromal cells to secrete growth factors.
Stimulation of growth factor receptors leads to the activation of tyrosine kinases that in
turn activate internal pathways (ras, raf, and mitogen activated protein [MAP] kinase) to
promote cell proliferation. Both epidermal growth factor (EGF) and transforming
growth factor-a (TGF-a) can stimulate the epidermal growth factor receptor (EGFR).
Although the Her-2 receptor can homodimerize, no known ligand for the homodimeric
receptor has been defined. Her-2 can heterodimerize to signal with EGFR (as shown) or
with other EGFR family members (not shown). (MAPK = MAP kinase)

Transforming growth factor-a (TGF-«) binds to EGFR which activates the signalling
pathway for cell proliferation, differentiation and development. Altered expression of
TGF-o and Heparin-binding growth factor (Midkine) plays an important role in the
progression of ESCC (Li et al., 2000; Ren and Zhang, 2006). Midkine is also associated
with tumour size, immunoreactivity, and poor survival of patients (Oshima et al., 2010;
Shimada et al., 2003). Overexpression of the PDGFR-£ receptor has been shown in ESSC
tissues (Zhang et al., 2006). Hepatocyte growth factor (HGF) acts in a paracrine way to
promote ESCC through activation of VEGF and IL8 expression (Ren et al., 2005).
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Moreover, increased expression of c-Met tyrosine kinase receptor is significantly
correlated with the reduced survival rate, distant metastasis, and local recurrence of
cancer in ESCC patients (Ren et al., 2005; Tuynman et al., 2008). Among all closely
related members of vascular endothelial growth factor (VEGF), VEGF-A is one of the
most important prognostic factors of ESCC (Gu et al., 2006; Matsumoto et al., 2006).
VEGF provides the vascular permeability, proliferation and interference of apoptosis.
Overexpression of VEGF has been found in 30-60% of ESCC cases which is significantly
linked with an early stage of disease, distant metastasis, and poor survival rate in patients
(Shih et al., 2000). Connective tissue growth factor (CTGF) paly a vital role in the
progression of ESCC via involving various cell regulatory process such cell adhesion,
cell proliferation and angiogenesis (Li et al., 2010). CTGF protein overexpression was
found in 82% ESCC tissue samples while underexpression of this protein was reported in
19% using immunohistochemistry (Li et al., 2010). The CTGF protein overexpression
was significantly associated with poor survival of ESCC patients (Li et al., 2010). Another
study by Deng et al. reported upregulation of CTGF gene in 75% ESCC in comparison to
the normal non-cancerous epithelial tissue via RT-PCR (Deng et al., 2007). CTGF
promotes carcinogenesis through p-catenin-T-cell factor (TCF)/Lef signalling pathways
(Deng et al., 2007). Zhou et al., also reported overexpression of CTGF protein in 49%
ESCC tissue samples via immunohistochemistry which is linked with poor survival of
ESCC patients (Zhou et al., 2009). Overexpression of EGFRs has been reported in 29-
92% of ESCC samples (Dragovich and Campen, 2009; Takaoka et al., 2004).
Immunohistochemical assays confirmed overexpression of the erbB-2 proteins in ESCC
(Sunpaweravong et al., 2005). Another study by Mimura et al. reported that 30% ESCC
were positive for erbB-2 which was coupled with a poor prognosis (Mimura et al., 2005).

The three Ras isoforms include H-Ras, K-Ras, and N-Ras are crucial components in
normal cell division and differentiation (Shields et al., 2000). Ras proteins act as signal
transducing molecule from membrane receptor to the cell cytoplasm. It was established
that RAS proteins became activated by binding to GTP. Activation of the Ras oncogene
frequently exists in gastrointestinal tract cancers. Shigaki et al. examined 203 ESCC
samples for screening the frequency of KRAS mutations using a high-throughput
pyrosequencing assay and found 0.5 % KRAS Mutation (Shigaki et al., 2013). Wang et
al. have shown that K-Ras gene is abnormally expressed in oesophageal cancer tissues
(Wang et al., 2012).
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cyclin D1 and mdm2 (Murine Double Minute 2) are members of the nuclear factors
in ESCC. Altered expression of the cyclin D1 and Rb genes play a role in esophageal
cancer. In the clinical arena, CCND1 was overexpressed in 22% to 71% of ESCCs
(Sunpaweravong et al., 2005; Shamma et al., 2000). Increased expression of cyclin D1
was found in 61% oesophageal carcinomas and 35%the adjacent epithelia cases (Xiao et
al., 2006). Mdm2 encodes a 90-kDa protein with a p53 binding domain at the N-terminus
and a RING domain at the C-terminus acting as an E3 ligase responsible for p53
ubiquitylation. When wild-type p53 is activated by various stimuli such as DNA damage;
it binds to p53 at the N-terminus to inactivate the transcriptional activity of p53 and
promote the degradation of p53 via the ubiquitin-proteasome pathway. It results in the
deregulation of cell overgrowth leading to tumour development (Dong et al., 2005; Lev
et al., 2000; Saito et al., 2002). Takahashi et al. suggested that the overexpression of Aktl
and Mdm2 may be linked to oesophageal carcinogenesis (Takahashi et al., 2009). Aktl
overexpression induces Mdm2 mRNA over-expression in ESCC.

FRAT1 is a protein-coding gene belongs to the GSK (Glycogen synthase kinase)-
3-binding protein family mapped at 10g24.1. It has been suggested that FRAT1 gene
promoted carcinogenesis through activation of the WNT-B-catenin-TCF signalling
pathway (Benassi et al., 2006). Saitoh and colleagues observed that FRAT1 expression
was relatively high in ESCC cell lines in 2002 (Saitoh et al., 2002). Furthermore, Wang
showed overexpression of FRATL in 74% of ESCC tissues using RT-PCR when
compared to match noncancerous tissue (Wang et al., 2008). Also, expression of c-Myc
in ESCC cells lines was noted to be necessary for upholding of the growth state in cells
expressing FRAT1 entailing that c-Myc may be a vital factor in oncogenesis induced by
FRAT1 (Wang et al., 2008). Therefore, overexpression of FRAT1 gene might play a vital
role in activating [3-catenin/TCF signalling pathway and c-Myc-induced by FRAT1 may
be a critical factor in the pathogenesis of ESCC.

p53 is a cancer suppressor gene that terminates advancement in both the G1 and
G2 phase of the cell cycle to evaluate DNA damage. The p53 tumour suppressor gene
regulates cell cycle progression, apoptosis and DNA repair. It also inhibits vascular
endothelial growth factor. Indeed, Cell cycle is controlled via two main regulatory
pathways such as the p53 (p14-MDM2-p53-p21) and pRb (pl6-cyclinD1-pRb) (Xu,
2007). Deregulation of both mechanisms shows crucial role in the progression of most
human cancers including oesophageal cancer via alteration its expression pattern. p53 is
the most common mutated gene in all human malignancies comprising 50-80% in

oesophageal cancer. Until now, more than 100 mutations of ESCC have been compiled
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in the IRAC TP53 mutation database (Olivier et al., 2002). More than 92% of these
mutations are placed in the four conserved domains of the p53 gene such as exon 5 to
exon 8 with hot spots at Argl75, Cys176, Arg248, Arg273 and Arg282. Among them,
80% mutations are point including 46% transition and 36% transversion (Xu, 2007).
Measurement of circulating anti p53 antibody in serum of ESCC patients is helpful for
detection of p53 mutations which could be used as a tumour marker or prognostic marker
(Shimada et al., 2002).

The p21 gene is a cyclin-dependent kinase inhibitor-induced by wild-type p53. It
reconciles G1 arrest following to DNA damage via the accumulation of hypo
phosphorylated pRB. Polymorphisms at codon 31 and codon 149 in exon 2 of the p21
gene play a significant role in oesophageal carcinogenesis (Bahl et al., 2000). Moreover,
inductions of p21 may occur through p73 that also regulates p21 expression in
oesophageal cancer (Masuda et al., 2003). p21 overexpression is correlated with a poorer
prognosis (Lam et al., 1999. Wild-type p53 affiliated with p21 expression is a predictor
of a good response to chemotherapy or chemoradiotherapy in ESCC in vivo (Michel et
al., 2002).

pl6 is a member of cyclin-dependent kinase inhibitors that is positioned on
chromosome 9p21. Inactivation of the p16 gene is a common event occurring through
homozygous deletion, point mutation, or aberrant DNA methylation. Homozygous
deletion and promoter methylation are the main causes of p16 gene silencing in ESCC
(Fong et al., 2000). A high frequency of homozygous deletion has been observed in
oesophageal cancer cell lines. Methylation or LOH of p16 gene occurs in the early stages
of ESCC progression while homozygous deletion of its locus is a late event (Fong et al.,
2000; Tokugawa et al., 2002). Therefore, p16 could be used an epigenetic biomarker for
the screening of ESCC (Nie et al., 2002; Hibi et al., 2001).

p27 is one of the cyclin-dependent kinase inhibitory proteins that shows genetic
aberrations in ESCC. Low levels of p27 expression affect tumour progression or indicate
a poor prognosis in ESCC (Shamma et al., 2000). Also, it was reported that the increased
expression of p27 by 61% of oesophageal carcinomas was correlated with tumour
invasion, lymph node metastasis and poor patient prognosis (Kagawa et al., 2000). High
expression of p27 may inhibit more likely cyclin E than cyclin D1 which promotes tumour
growth of ESCC (Anayama et al., 2001). In addition, Fukuchi et al. in Japan suggest that
S-phase kinase-interacting protein 2 (Skp2) is inversely correlated with p27 which is

probably the main target substrate in primary ESCC (Fukuchi et al., 2004).
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Retinoblastoma (Rb) is a nuclear phosphoprotein that plays a vital role in the
regulation of cell cycle. Loss of heterozygosity of the retinoblastoma locus plays an
essential role in the inactivation of Rb gene and is associated with p53 alterations in
oesophageal cancer. Association of Rb with p53 inactivation may be the major event in
the progression of oesophageal cancer. Loss of RB is one of the main genetic alterations
accompanying the progression through dysplasia to adenocarcinoma of the oesophagus
(Jenkins et al., 2002). The transcription factor E2F-1 is a downstream regulator of the RB
pathway that is required for cell cycle progression and has been found to be overexpressed
in related to poor prognosis in ESCC (Ebihara et al., 2004).

Oesophageal cancer-related gene 4 (ECRG4) was cloned and identified from the
normal oesophageal epithelium which is located at chromosome 2q14.1-14.3 (Bi et al.,
2001). Yue et al. observed that ECRG4 mRNA level was down-regulated in 80% of ESCC
tissues and 3 of the 4 oesophageal cancer cell lines via promoter hypermethylation in
2003 (Yue et al., 2003). Also, Li and colleagues reported that ECRG4 protein expression
was downregulated in 68.5% of ESCCs by using tissue microarray which was
significantly linked with the size of cancer, regional lymph node metastasis and
pathological stages in ESCC (Li et al., 2009). In addition, high expression of the ECRG4
protein was allied with the prolonged overall survival of patients with ESCC (Li et al.,
2009). Besides, ECRG4 overexpression hinders cell proliferation through the G1/S
transition block of the cell cycle, increase of p21 along with p53 protein expression (Li et
al., 2009; Li et al., 2010; Li et al., 2011). In vivo study in mice proved that the inhibition
of proliferation leading to slower growth of cancer (Li et al., 2009). The inhibition of cell
migration and invasion in cell lines of ESCC are another in vitro effect of ECRG4
overexpression (Li et al., 2011). Furthermore, ECRG4 inhibits cancer growth in ESCC
cells by inducing COX-2 down-regulation through NF-kB pathway (Li et al., 2009).

The ING (Inhibitor of growth gene) family is a tumour suppressor genes
implicated in multiple types of cancers including ESCC (Chen et al., 2001). It plays a
crucial role in cell cycle regulation, senescence, apoptosis, chromatin remodelling and
DNA repair (Guérillon et al., 2013). In ESCC, loss of the terminal regions of chromosome
13q has been reported by Chen and colleagues in 2001 (Chen et al., 2001). As a result,
the genetic alterations of ING1 gene in this region along with the impairment of 13q might
play a significant role in the progression of ESCC. Also, the authors identified allelic loss
of INGL1 in 58.9% tissue samples in ESCC (Chen et al., 2001). Four missense mutations
of ING1 gene have been found from tissue samples of ESCC patients via direct
sequencing of RT-PCR products. Furthermore, loss of ING1 protein expression using
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immunohistochemistry has been noted in ESCC tissues (Chen et al., 2001). Therefore the
low level of ING1 protein expression and a missense mutation of ING1 gene could be a
critical factor in the development of ESCC.

The tetraspanin cell surface receptor Uroplakin 1A (UPKZ1A) is an integral protein
that belongs to transmembrane 4 superfamilies (TM4SF). It was identified as a novel
potential tumour suppressor gene at 19q13.13 chromosome in ESCC in 2010 (Kong et al,
2010). Kong and colleagues found negative expression of UPK1A gene in 68% of
primary ESCC tissues and 55% ESCC cell lines via semi-quantitative RT-PCR (Kong et
al, 2010). They also showed no expression of UPKIA in 56% ESCC tissues via
immunohistochemical analysis (Kong et al., 2010). Furthermore, they suggested that the
down-regulation of UPK1A gene mainly occurred in primary ESCC tissues via promoter
hypermethylation. Thus it can be hypothesised that the promoter hypermethylation could
be the main driving force for inactivation of UPK1A gene in ESCC. Besides, the down-
regulation of UPK1A is positively correlated with lymph node metastasis, advanced
tumour stages, and poorer patient’s survival (Kong et al., 2010). The authors also
demonstrated the suppressive properties of UPK1A gene in ESCC using in vitro and in
vivo analysis (Kong et al., 2010). Besides, the tumour-suppressive effect of UPK1A was
closely allied with its role in cell cycle arrest at the G1-S checkpoint (Kong et al., 2010).
Furthermore, UPK1A gene may be performed a fundamental role in signalling pathways
by the inhibition of S-catenin and inactivation of its downstream targets such as cyclin-
D1, c-jun, c-myc, E-cadherin, CDK4 and matrix metalloproteinase 7 (MMP7) (Lu et al.,
2003; Noort et al., 2002; Kong et al., 2010). These results strongly support the critical
roles of UPK1A gene in regulating the cellular biology and pathogenesis of ESCC.

T-lymphocyte maturation associated protein (MAL) is positioned on chromosome
2011.1. MAL belongs to the MAL proteolipids family encoding an integral membrane
protein which plays a role in membrane trafficking and signalling in T-lymphocytes
(Alonso and Millan, 2001). It has also a peptidase modulator function involving in
apoptotic process in cancer. Mimori and colleagues first reported that MAL mRNA
expression was remarkably downregulated in 35 ESCCs by reverse transcriptase-
polymerase chain reaction (RT-PCR) in 2003 (Mimori et al., 2003). Kazemi-Noureini
and colleagues also noted down-regulation in all the ESCC studied by RT-PCR. In
addition, MAL protein expression in rat model was noted to be associated with the

histological grades of oesophageal dysplasia (Mimori et al., 2007).
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Chapter 2

Location, Function and Mechanism of genetic alterations that have been studied in oesophageal carcinoma

Gene Chromosome Alternative Names Function Mechanism
hst-1 11qg13 bFGF, HSTF1, Fibroblast growth factor gene Growth factor Amplification
int-2 11913 Heparin-binding growth factor gene Growth factor Amplification
TGF-a Transforming growth factor-a Growth factor Amplification
PDGFa 7p22 Platelet-derived growth factor a Growth factor Over expression
PDGFb 22913 c-sis, Platelet-derived growth factor b Growth factor Over expression
HeF Hepatocyte growth factor Growth factor Over expression
EXP1 11913
VEGF 6p12 Vascular endothelial growth factor Endothelial cell growth factor Over expression
c-erbB1 7pl2-13 HER-1, Epidermal growth factor receptor Growth factor receptor, signal transduction Amplification,
(EGFR) (membrane tyr kinase) Over expression
c-erbB2 17921 HER-2, NGL, neu, EGFR2, p185, p185neu, Growth factor receptor Amplification,
ERBB2 Over expression
c-myc 8q24 transcription factor Amplification,
Over expression
Cyclin D1 11qg13 bcl-1, PRAD1, EXP2, CCND1 Promotes transition from G1 to S phase, cell cycle Amplification,
control Over expression
Mdm2 12913-14 Murine double minute 2 Amplification
FRAT1 10924 activation of the WNT-beta-catenin-TCF signalling Over expression
pathway
p53 17p13 Tumor suppressor, G1 arrest, apoptosis, genetic Mutation, LOH,
stability Over expression
p73 1p36.3 apoptosis Over expression
p21 6p21 WAF1, CIP1, CAP20, PIC1, SDI1 Tumor suppressor Over expression
pl6 9p21 MTS1, CDKA4l, INK4a, CDKN2, CDKN2A Tumor suppressor, CDK inhibitor (cell cycle Mutation, LOH,
control) Hpermethylation
pl5 9p21 MTS2, INK4b, CDKN2B Tumor suppressor CDK inhibitor (cell cycle control) Mutation, LOH,
Hpermethylation
p27 12p13 KIP1 Tumor suppressor Over expression
Rb 13q14 Retinoblastoma Inhibits entry into S phase, cell cycle control (EF2 LOH, Mutation
sequestering)
DCC 18921 Deleted in colorectal cancer gene, CRC18; Cellular adhesion LOH
CRCR1; IGDCC1
MCC 5q21 Mutated in colorectal cancer gene Tumor suppressor LOH
APC 5021 FAP ( familial adenomatous polypis coli) gene Tumor suppressor LOH
BRCA1 17g21 Tumor suppressor LOH
FHIT 3p14.2 Negative regulation of progression via cell cycle Hpermethylation
DEC1 9q32 Deleted in esophageal cancer 1 Tumor suppressor Under expression
ECRG4 2q14.1-14.3 Esophageal cancer related gene 4 Tumor suppressor Methylation
ING 13933-34 ING1 to ING5, cell cycle control and apoptosis Over expression
UPK1A 19913.13 uroplakin 1A, TSPAN21 Tumor suppressor Methylation
MAL 2q11.1 T-lymphocyte maturation associated protein Tumor suppressor Methylation
DLC1 3p21.3 Deleted in lung cancer 1 Tumor suppressor, growth inhibition LOH
WWOX 16023.3-24.1 WW domain containing oxireductase Tumor suppressor Mutation, LOH
Annexinl lipocortin 1, ANX-I, p35 Tumor suppressor Under expression
A-TM Tropomyosins, (TM1) Tumor suppressor Down regulation
FAS TNFSF6, CD95, or APO-1 Apoptotic signal receptor Under expression
nm23 17qg21 NME1, NME2 Act inside the cell in a regulatory pathway Under expression
bel-2 18qg21 Blocks apoptosis Under expression
Bax 19q13 bcl-2 -associated X Apoptosis gene Under expression
Bcl-xL Antiapoptotic Over expression
PCNA Proliferating cell nuclear antigen DNA damage repair Over expression
Survivin inhibitor of apoptotic proteins Over expression
MMP-7 Matrilysin, Matrix metalloproteinase-7 To degrade elastin, proteoglycans, fibronectin and Over expression
type IV collagen.
MT Metallothionein inhibiting apoptosis Over expression
E2F-1 induce apoptosis Over expression
DcR3 M68 blockade of FasL-induced cell death Over expression
MLH1 3p21 h MLH-1 DNA repair LOH
GASC1 9p23-24 gene amplified in squamous cell carcinoma 1 chromatin-mediated transcriptional regulation Amplification
Over expression
FEZ1 8p22 Transcription factor Mutation
CTSB 8p22 Cathepsin B Degrade extracellular matrix components Amplification
Over expression
oDC Ornithine decarboxylase Biosynthesis of polyamines Over expression
FzE3 Negative regulator of APC function Up regulation
MSH2 2p21 hMSH-2 DNA repair LOH
p-Catenin 3p21 CTNNB1 Cellular adhesion, gene transcription Low expression
E-cadherin 16qg22 CDH1 Cellular adhesion Low or Un
expression
DPC4 18921 TGF- B pathway LOH
Periplakin Keratinization Under expression
Clusterin Promotion or inhibition of apoptosis Under expression
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In oesophageal cancer cell lines, under expression of MAL gene was found which may be
due to the promoter hypermethylation (Mimori et al., 2003). Furthermore, MAL gene
expression reduced cellular motility, G1/S transition block, invasion and tumorigenicity
as well as increased apoptosis via the Fas signalling pathway in MAL-expressing ESCC
cells using in vitro and in vivo analysis (Mimori et al., 2003). Overall, epigenetic
inactivation of MAL gene may act as a critical factor during the initiation and progression
of ESCC.

The WW domain containing oxidoreductase gene (WWOX) is a tumour suppressor
gene located on the common fragile site of chromosome 16923.3-24 in ESCC (Paige et
al., 2001; Bednarek et al., 2001; Kuroki et al., 2002). Aberrant genomic alteration of the
WWOX gene might play a critical role in the progression of ESCC (Kuroki et al., 2002).
Kuroki et al. first detected the LOH in WWOX in 39% of ESCC tissues via an RT-PCR
approach in 2002 (Kuroki et al., 2002). In addition, missense mutation and allele missing
in WWOX were also noted in this study. This is also known as a two-hit mechanism
including allelic loss and point mutation (Bednarek et al., 2001). Furthermore, the
aberrant absence of exons or the whole transcript in WWOX was detected by nested RT-
PCR analysis in ESCC (Kuroki et al., 2002). The data suggest that WWOX could act as a
tumour suppressor in ESCC through genomic alteration and inactivation.

Annexinl is a member of annexin family which are calcium and phospholipid-
binding proteins (Xia et al., 2002). The involvement of the gene in ESCC was first
reported by Paweletz and colleagues in 2000 (Paweletz et al., 2000). They detected the
loss or reduction of expression of Annexin I protein expression in 25 cases of ESCC using
immunohistochemistry and Western blot. Also, Xia and colleagues showed that reduced
expression of three annexin 1 isoforms was a common phenomenon in the progression of
ESCCs (Xia et al., 2002). They documented annexin 1 mRNA levels significantly
downregulated in 71% of ESCC tissues via RT-PCR analysis. Low annexin 1 protein
expression levels were seen mostly in high grades (grades 2 or 3) ESCCs using
immunohistochemical analysis. This finding might be influenced by its post-translational
modification in ESCC (Xia et al., 2002). Also, there is a change in subcellular location of
Annexin 1 protein in ESCC when compared to non-neoplastic epithelial cells (Liu et al.,
2003).

Deleted in colorectal cancer (DCC) gene is located on chromosome 18g21.1
regions encoding a netrin receptor (Arakawa, 2004). Decreased or loss of DCC expression
through promoter hypermethylation as well as point mutations and LOH which are
correlated with the degree of lymph node metastasis and differentiation have been shown
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in esophageal cancer (Jenkins et al., 2002). Park et al. have demonstrated that DCC
methylation is a frequent and cancer-specific event in primary ESCCs suggesting that
DCC and associated pathways may represent a new diagnostical therapeutic target (Park
etal., 2008). They also advised that DCC promoter methylation deserves further attention
as a biomarker in the early detection of human ESCC.

Tropomyosin (TM) isoforms are a family of cytoskeletal proteins. Zare et al.
showed that TM1, TM2, and TM3 were downregulated at the protein level in ESCC cell
line in 2012 (Zare et al., 2012). Moreover, at the transcription level, TPM1 and TPM2
were noticeably reduced by 93% and 96% respectively in ESCC cells when compared to
non-neoplastic oesophageal epithelial cells (Zare et al., 2012). Jazii and colleagues also
reported a loss of B tropomyosin protein expression in ESCC via two-dimensional
electrophoresis with mass spectrometry in 2006 (Jazii et al., 2006). Down-regulation of
various isoforms of TMs in ESCC is mainly occurred due to promoter hypermethylation
as inhibition of methyltransferase considerably overexpressed TM1 (Zare et al., 2012).
This study also noted that TMs suppression can lead to the inhibition MEK/ERK and
PI3K/Akt pathways. Therefore, the down-regulation of TMs by promoter
hypermethylation and activation of MEK/ERK and PI3K/Akt pathways might play a role
in the development of ESCC.

The fragile histidine triad (FHIT) is at a chromosomal fragile site at 3p14.2.
Chromosomal fragile sites are specific heritable points of genomic regions that may tend
to break and eventually affect for structural chromosome aberrations such as
translocations, duplications or deletions in carcinogenesis (Dillon et al., 2010). FHIT
allelic deletion and reduced /absent FHIT protein expression followed by alteration of
pl6, p53 proteins has been observed in multiple cancers including ESCC in 2002
(Pekarsky et al., 2002). In 2001, Kitamura and colleagues first studied the expression of
FHIT protein in 75 cases of ESCC as well as 19 epithelia with carcinoma in situ in the
oesophagus by immunohistochemistry. Significant reduction of FHIT expression in
89.3% was noted in ESCC and the loss of expression was associated with the severity of
histological changes (Kitamura et al., 2001). Noguchi and co-workers first reported FHIT
promoter hypermethylation in 69.4% of patients with ESCC and it was significantly
linked with low FHIT protein expression (Noguchi et al., 2003). The study concluded that
loss of heterozygosity or hypermethylation of FHIT might be a mechanism for FHIT
protein expression regulation and could play a crucial role in early stage of progression
of ESCC (Noguchi et al., 2003). In other studies, hypermethylation of CpG Island in the
FHIT promoter region was also linked with the loss of FHIT protein expression in ESCC
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(Nie etal., 2002; Guo et al., 2005; Kuroki et al., 2003). Ishii and co-workers first reported
adenoviral-FHIT expression guided growth inhibition at G2/M and S phases and caspase-
dependent apoptosis (Ishii et al., 2001). Thus, FHIT inactivation by chromosomal
deletions and promoter hypermethylation could be a vital tool for assessing the status of
FHIT expression and inactivation of FHIT might be a cause of downstream effect of DNA
repair aberrations.

Repetitive telomere sequences (TTAAGGG) are found at the ends of eukaryotic
chromosomes to protect the ends from damage and rearrangement. Bergqvist et al.
detected a broad range of telomerase activity levels in EC cell lines (Bergqvist et al.,
2006). Li et al. found that increased telomerase activity was associated with the
progression of ESCC (Li et al., 2003). Grade | (metaplasia) stage showed a 60%
telomerase activity and Grades Il (dysplasia) and Il (highgrade dysplasia) showed 90%
and 91% telomerase activity respectively. This result supported other reports of
telomerase activity being correlated with ESCC differentiation and lymphatic metastasis.
The poorer the differentiation, the higher the telomerase activity occurred, and also
patients with lymphatic metastasis showed a higher telomerase activity than those without
lymphatic metastasis (Bergquvist et al., 2006). Microarray analysis indicated telomerase
activity as a possible candidate for prognostic and prediction factors in esophageal cancer
(Li et al., 2003).

The major causes of treatment failure in ESCC usually involve recurrence and
metastasis. They are two classes of gene products in relation to metastasis such as Nm23
that act inside the cell in a regulatory pathway and cathepsin-D that act outside the cell to
block dissect the metastasis pathway (Mona et al., 2000). In fact, Nm23-H1 and Nm23-
H2 are the two most abundantly expressed Nm23 genes in human tissues. Studies
suggested that loss of nm23 expression has been found to associate with shorter survival
in ESCC patients with lymph node metastasis (Tomita et al., 2001). Ligang et al. in China
found that low expression of Nm23-H1 and high expression of p53 play significant role
in the progression of ESCC (Liu et al., 2002). Li et al. revealed that SEI1 can upregulate
SET expression which induces NM23H1 translocation from cytoplasm to nucleus
resulting in increased chromosome instability (Li et al., 2010). Screening for nm23-H1
expression in tumour cells may be a potential therapeutic strategy in ESCC patients
(Wang et al., 2004).

Survivin is a unique inhibitor of apoptotic proteins (IAP) family and was noted to
play roles in ESCC in 2013 (Ikeguchi et al, 2003). lkeguchi et al state that survivin
exhibits anti-apoptotic function by binding to microtubules of the mitotic spindles
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resulting in inactivation of caspase-3 and caspase-7 activity (Ikeguchi et al., 2003).
Increased survivin expression can have a cancerous effect on the cell as it routes the G2/M
phase checkpoint advancing into mitosis (lkeguchi et al., 2003). Also, survivin
encourages cell proliferation by interacting with CDK4 and displacing p21 (McCabe and
Dlamini, 2005). In ESCC tissue, the nuclear expression of survivin was found to correlate
with poor prognosis of the patients (Grabowski et al., 2003). It appears that localisation
of survivin expression is critical for activity in tumour cells and its negative effect in
dysregulating cell cycle definitely plays a role in the progression of cancer (Grabowski et
al., 2003). Mega et al also showed that the overexpression of survivin was linked with the
poor prognosis in patients with ESCC (Mega et al., 2006). In addition, Beardsmore et al.
found survivin immunostaining in 95% of oesophageal carcinomas and noted a strong
positive correlation between levels of survivin expression and the number of proliferating
cells in the neoplastic tissue (Beardsmore et al., 2003). Expression of survivin and other
IAPs (clAPL, clAP2, NAIP, and XIAP) was elevated in ESCC (Nemoto et al., 2004).
These findings implied that survivin expression along with its anti-apoptotic role plays a
fundamental role in the pathogenesis of ESCC.

Fas is a cell surface receptor that plays a major role in apoptotic signalling in
many cell types (Sharma et al., 2000). Alterations in expression of Fas and FasL favours
malignant transformation and progression (Muschen et al., 2000). Moreover, mutations
in the FAS and FASL gene that impair apoptotic signal transduction are linked with a high
risk of cancer. Thus, the FAS/FASL system appears to have a role in the development
and progression of cancer. In human ESCC, expression of FAS is lower and FASL
expression is higher than in normal tissue indicating a linked between the aberrant
expression of FAS and FASL (Kase et al., 2002). In addition, aberrant expression of FAS
and FASL occurs early in dysplasia and in carcinoma in situ and has been related with
differentiation, invasiveness, and metastasis of cancer cells and with patients’ survival
(Kase et al., 2002; Younes et al., 2000). These findings suggest that FAS and FASL are
likely to be involved in the initiation and development of ESCC. Chan et al. in China
detected Fas expression in 89.7% of ESCCs and suggested higher Fas expression was
associated with longer survival of patients (Chan et al., 2006). Sun et al. in China stated
that genetic polymorphisms in the death pathway genes FAS and FASL appeared to be
associated with an increased risk of developing ESCC (Sun et al., 2004).

Dysregulation of normal cell-cell adhesion and cell-matrix interactions are
mediated by a distinct protein known as cell adhesion molecules (CAMs). Cell adhesion
molecules can be classified as cadherins, p-catenin, CD44 receptor, integrin receptors
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family, the immunoglobulin superfamily (IgCAMs), lectin-like cell adhesion molecules
such as selectins, lamin-binding protein, EpCAM, Periostin, Rho-associated protein
kinase (ROCK) and Migfilin (Figure 4). Altered expression of cell adhesion molecules
has a significant impact in the pathogenesis of ESCC. In ESCC, reduced E-cadherin
expression are correlated with tumour differentiation, metastasis and prognosis (Lin et
al., 2004). Also, low or absence of E-cadherin expression is related with infiltration and
metastasis of ESCC (Uchikado et al., 2005). In addition, methylation and the subsequent
reduced expression CDH1 has been reported in 61% of ESCC cases (Takeno et al., 2004).
It was also showed that downregulation of E-cadherin and up-regulation of N-cadherin
may be involved in the genesis of ESCC (Li et al., 2009). The study suggests that
accumulation of nuclear B—catenin in oesophagus squamous epithelium might be the
crucial step for the carcinogenesis of ESCC (Veeramachaneni et al., 2004). A meta-
analysis conducted by Zeng et al found that aberrant expression of B-catenin was linked
with a significant increase in mortality risk of EC patients (Zeng et al., 2014). Well-
differentiated ESCCs showed greater CD44 expression than moderately or poorly
differentiated ones (Gotoda et al., 2000). In an immunohistochemical study conducted on
233 patients with ESCC found that CD44v2 was downregulated in the cancer cells (Nair
et al., 2005). Downregulation of CD44v2 expression is associated with a poor prognosis
in patients with ESCC (Nair et al., 2005). Another study by Vay et al. suggests that
alterations in both pattern and magnitude of integrin expression may play a major role in
the disease progression of ESCC patients (Vay et al., 2014). Stromal carcinoembryonic
antigen (CEA) expression has also been reported to play a role in the lymphatic invasion
of ESCC (Kijima et al., 2000). EpCAM is a 40 KD type | transmembrane glycoprotein at
chromosome 2p21 which is strongly positive in ESCC (Philip et al., 2008). Stoecklein et
al. observed 79% EpCAM neo-expression with three expression levels such as 1+ (26%),
2+ (11%) and 3+ (41%) in ESCC (Stoecklein et al., 2006). In addition, Periostin was
noted in 2010 to play a role in the progression of ESCC via regulating expression pattern
(Kashyap et al., 2010; Michaylira et al., 2010). Kashyap et al. showed increased
expression of periostin in 100% of ESCC while 6% of non-cancer oesophageal epithelia
demonstrated periostin expression (Kashyap et al., 2010). Moreover, Michaylira and
colleagues noted overexpression of periostin in ESCC which was correlated with tumour

progression (Michaylira et al., 2010).

Md. Hakimul Haque (s2864831) 45 School of Medicine

Chapter 2



Screening clinically relevant biomarkers in cancer

Cadherins Integrins cbh44 IgCAMS Selectins
E-cadherin (aif,) (CD44v) {(NCAM) P-selectin
Mllcl_r’-lll(e CAM
mpuj = )
|:I tl Plasma m;mbrane Hyaluronic acid D Cal"’“'\\'drﬂ“ :/
binding region
ﬁ Fibronectin gﬁ T
-

Ig dom aln ]

...... dumaln

)
Varriant
region

-

I:I

& o

- Actin filaments

Figure 4. Diagrammatic representation of five families of cell adhesion molecules
(CAMS). cadherins, integrins, CD44, immunoglobulin (Ig) CAMs, and selectins.
Cadherin dimers engage in calcium dependent homotypic binding to dimers from an
adjacent cell. The cytoplasmic domain of E-cadherin is complexed with /¥ catenin,
which in turn is linked with the actin cytoskeleton via a catenin. Integrins are
heterodimers consisting of a and B subunits that bind to extracellular molecules. The
CD44 standard isoform binds to hyaluronic acid; however, the inclusion of
combinations of variant (v) exons alters its binding affinity for this molecule.
IgCAMs are characterised by their extracellular 1g-like domains. Selectins possess an
N-terminal lectin domain that binds fucosylated and sialylated carbohydrates.
NCAM, neural cell adhesion molecule.

Also, Wong et al. in 2013 reported that periostin reduced the growth of tumour through
a knockdown manipulation of this gene in ESCC (Wong et al., 2013). Periostin was also
found to cooperate with P53 mutant to enhance invasion via the activation of signal
transducer and activator of transcription 1 (STAT1) in ESCC (Wong et al., 2013).
Furthermore, altered expression of LIM domain-containing protein is involved in the
pathogenesis of ESCC (Zhao et al., 2009; Kashyap et al., 2012; Lo et al., 2012; Takeshita
etal., 2012; Tao et al., 2012). Another study by He et al. exhibited expression of migfilin
was significantly upregulated in ESCC in concomitance with a nuclear-cytoplasm

translocation compared to normal adjacent tissue (He et al., 2012).

2.3 Molecular epigenetics of oesophageal squamous cell carcinoma

Epigenetics means the study of heritable changes in gene expression without
changes in gene sequence. Indeed, Carcinogenesis is a stepwise process driven by the
accumulation of heritable changes in the regulation and information content of proto-
oncogenes and tumour suppressor genes. It has been known for decades that a variety of

genetic alterations including p53-Rb pathway with gene amplification, loss of
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heterozygosity, point mutations and chromosomal rearrangements contribute to
tumorigenesis (Kwong, 2005). In addition to genetic alteration, epigenetic modifications
also act equally as driving force in the pathogenesis of ESCC by transcriptional

inactivation and silencing of gene function (Ma et al., 2016).

2.3.1 DNA methylation

DNA methylation is the covalent addition of a methyl group to the 5-carbon (c°)
position of cytosine bases that are located 5’ to a guanosine base in a CpG dinucleotide.
DNA methylation is the best studied epigenetic mechanism which mainly occurs at
promotor region leads to transcriptional silencing of the methylated gene with the loss of
protein function (Klose et al., 2006). DNA methylation is one of the clinically relevant
epigenetic biomarkers which represents the highest translation potential because of its
stable nature and reliable detection technologies. DNMT1, DNMT3A and DNMT3B have
been recognised as DNA methyltransferases in eukaryotic cells which catalyse the DNA
methylation process (Figure 5). DNMT1 plays a role in maintaining DNA methylation
whereas DNMT3A and DNMT3B are responsible for de novo methylation. Over
expressions of these DNMTs were described to be involved in different cancers including
oesophageal cancer (Klose et al., 2006). DNMT3L and DNMT2 were reported recently
related to DNA methylation (Chen et al., 2005). DNMT3L is required for the methylation
of imprinted genes in germ cells and interacts with DNMT3A and 3B in de novo
methyltransferase activity (Chen et al., 2005). The function of DNMT2 remains unclear

but its strong binding to DNA suggests that it may mark specific sequences in the genome.
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Figure 5. DNA methylation, the covalent addition of a methyl group to the cytosine base in
DNA, may be set up de novo (by DNA methyltransferase DNMT3A and DNMT3B) and

maintained (by DNMT1) after DNA replication.
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Over the past few decades, growing number of evidence suggest that aberrant
epigenetic changes play critical role in the progression of ESCC via affecting genes
involved in cell cycle, DNA damage repair and cancer associated signalling pathways
(Ma et al., 2016). DNA methylation has progression tendency in the pathogenesis of
ESCC indicating that it is an early event. It was reported that p16 is a cell cycle related
gene that frequently methylated in ESCC (Guo et al., 2006). Another study by Hibi et al.
provided the strong evidence of aberrant methylation of p16 gene in 80% serum samples
from patients with ESCC (Hibi et al., 2001). In addition, other cell cycle related gene such
as RASSF1A and CHFR are frequently methylated in 44.3% and 45% of ESCC,
respectively (Kuroki et al., 2003; Yun et al., 2015). Furthermore, Promoter methylation
of FHIT gene is involved with early stage of cancer and associated with poor prognosis.
Recently, it was reported that DACT2 and NKD2 are frequently methylated in ESCC
which is correlated with advanced pathological stage and lymph node metastasis (Ma et
al., 2016). RARB2 methylation was detected in normal oesophagus but increased
methylation of this gene was noted to be play critical role in the progression of ESCC
(Kuroki et al., 2003). It was showed that cigarette smoking is a cause of SSBP2 promoter
methylation and that SSBP2 harbors a tumour suppressive role in ESCC through
inhibition of Wnt signalling pathway (Huang et al., 2011). A previous study demonstrated
that duration of tobacco smoking is associated significantly with DNA methylation of
HOXA9, MT1M, NEFH, RSPO4, and UCHLL in the background oesophageal mucosa of
oesophageal cancer patients (Oka et al., 2009). Till now, promoter methylation of many
gene have been discussed as biomarkers for early detection, prognosis, therapeutic
responsiveness, and therapeutic targets in various cancer including ESCC (Heyn and
Esteller, 2012; Toh et al., 2013). Despite, several important genes have been found to be
frequently methylated in ESCC, the landscape of the ESCC epigenome are still need to
be completed for the development of epigenetic biomarkers for early detection, tumour
recurrence and prognosis in ESCC.

2.3.2 Histone modification

Post-transtional marking of chromatin proteins (Histones) is a major epigenetic
mechanism that plays a critical role in neoplastic processes by the regulation of cellular
processes such as heterochromatin formation, X-chromosome inactivation and
transcriptional regulation (Loizou et al., 2006). Acetylation, methylation,
phosphorylation and ubiquitylation are major histone modifications which may constitute
the histone code that extends and modulates the genetic code (Loizou et al., 2006). It was
reported that Histone arginine methylation is stated on the residues 2, 8, 17 and 26 of
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histone H3 and residue 3 of histone H4 in mammals. Also, Histone lysine methylation
occurs in histones H3 and H4 and can be mono-, di- or trimethylated. Like histone lysine
methylation, arginine methylation occurs in monomethyl, symmetrical di-methyl or
asymmetrical di-methyl state, and contributes to both active and repressive effects on
chromatin function (Martin and Zhang, 2005). Though there is no evidence that lysine
methylation directly affects chromatin dynamics, acetylation of lysine residues in
histones is reported to antagonize folding of chromatin in vitro (Hansen, 2002). The main
sites of lysine methylation is associated with gene activity include K4, K36 and K79 of
histone H3. Trimethylation of lysine 27 on histone H3 (H3K27me3) is a silencing
epigenetic marker. Acetylation neutralizes the positive charge of lysine. It has been
suggested that this modification might operate through an electrostatic mechanism and
histone acetylation is associated with active gene transcription. Methylation of histone
H3 lysine 9 was triggered by DNA methylation. DNA methyltransferases have been
shown to interact with histone deacetylases (HDAC), histone methyltransferases, and
methyl-cytosine-binding proteins in a complex network (Fuks et al., 2000). Langer et al
reported that H3K18Ac and H3K27triMe were associated with worse survival of ESCC
particularly in early stages patients (Langer et al., 2009). Zester homolog 2 (EZH2) is
reported to be overexpressed and correlates with poor prognosis in human cancers. The
expression frequency of H3K27me3 was significantly higher in ESCCs than in normal
tissues by immunohistochemistry. Expression of H3K27me3 was significantly related
with WHO grade, tumour size, T status, locoregional progression and EZH2 expression.
High expression level of H3K27me3 was significantly associated with poor locoregional
progression-free survival (LPFS) in ESCC (He et al., 2009). A study of 237 ESCC
patients showed that histone modifications have significant effects on recurrence-free
survival (RFS) after oesophagectomy in ESCC, such as acetylation of histone H3 lysine9
(H3K9Ac), histone H3 lysine 18 (H3K18Ac), and histone H4 lysine 12 (H4K12Ac), and
the demethylation of histone H3 lysine 9 (H3K9diMe) and histone H4 arginine 3
(H4R3diMe).

2.3.3 Non-coding RNA (ncRNASs)

Non-coding RNA are functional RNA molecules that do not code for proteins.
ncRNAs play a vital role in the pathogenesis of many cancers including ESCC by
regulating gene expression at the transcriptional and post-transcriptional level. They are
classified into three categories according to size such as (i) small ncRNAs with size of
15-30 nucleotides (nts) including small interfering RNAs (siRNAs), Piwi-interacting
RNAs (piRNAs), microRNAs (miRNAS), and transcription initiation RNASs (ii) medium-
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size ncRNAs with size of 30-200 nts and (iii) long ncRNAs (IncRNAs) with the length of
200 nts and more (Brosnan and Voinnet, 2009; Lin and Xu, 2015). Among all the
NcRNAs, miRNA is one of the well-studied ncRNAs in different cancer including
oesophageal cancer (Feber et al., 2011). It was reported that miRNAs are associated with
the development, progression and prognosis of oesophageal cancers via their negative
regulation of gene expression (Feber et al., 2011). Also, altered expression of miRNA
modulates oncogenes and tumour suppressor genes expression by regulation of
proliferation, apoptosis, motility and invasibility in gastrointestinal cancer including
ESCC (Harada et al., 2016). It was observed that miR-25, miR-151 and miR-424 were up-
regulated whereas miR-29c, miR-99a and miR-100 were reduced in oesophageal cancer
(Fassan et al., 2011). Another study by Guo et al stated that low levels of miR-103/107
provide a strong correlation with high overall and disease-free survival periods for
patients with ESCC (Guo et al., 2008). Expression levels of mature miR-21 and mature
miR-145 were significantly higher in ESCC when compared to the normal epithelium and
were significantly linked with lymph node positive, recurrence and metastasis in ESCC
(Akagi et al., 2011; Kano et al., 2010; Maru et al., 2009). Like protein-coding genes,
promoter hypermethylation of miRNAs exhibited a greater role in the regulation of
miRNA in cancers. For instance, miR-375, miR-34a, miR-34b/c and miR-129-2 were
down-regulated by hypermethylation in oesophageal cancer (Chen et al., 2012; Li et al.,
2011). In recent years, it is evident that long non-coding RNAs play a significant role in
the pathogenesis of ESCC by regulating gene expression (Lin and Xu, 2015). For
example, HOTAIR was overexpressed in ESCC which was correlated to the advanced
pathological stage and poorer prognosis with the patients with ESCC (Chen et al., 2013).

2.4 FAM134B (JK1) gene
2.4.1 Introduction of FAM134B gene

FAM134B (Family With Sequence Similarity 134, Member B) also known as JK1 is a
novel protein-coding gene which is placed at 5p15.1 chromosome downstream to o-
catenin (Tang et al., 2007). This gene encodes a cis-Golgi transmembrane protein that
may be necessary for the long-term survival of nociceptive and autonomic ganglion
neurons (Kurth et al., 2009). Recent studies suggest that FAM134B is a growth-related
gene which executes a significant role in cancer pathogenesis (Tang et al., 2007; Kasem
et al., 2014b). However, much of the molecular biology and functional study of it are still

need to be understood.
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2.4.2 FAM134B gene location

The FAM134B gene is situated on the short (p) arm of chromosome 5 at position 15.1,
from base pair 16,473,146 to base pair 16,617,117 on chromosome 5. It is sited 3’
downstream to the delta-catenin gene (CTNNDZ2; 604275). The gene location is illustrated
in Figure 6. Alternative given names for the gene are FLJ20152, FLJ22155, FLJ22179
and HSAN2B (www.genecards.org).
2.4.3 Gene description of FAM134B

FAM134B gene belongs to a family of 3 genes, namely FAM134A, FAM134B and
FAM134C. All the 3 genes are protein coding. The gene has 2 isoforms formed by
alternative splicing. All earlier studies on FAM134B refer to isoform 1 which represents
the longer transcript (3234 base pairs compared to the length of 3083 from isoform 2) and
encodes the longer isoform (Kurth et al., 2009). The gene comprises 9 exons, has a start
and end codon and encodes a 497-amino acid, 54681 Dalton proteins with 2 hydrophobic
long segments, in addition to a C-terminal coiled-coil domain. FAM134B protein isoform
2 differs in the 5> UTR coding sequence compared to variant 1 (http://ghr.nlm.nih.gov).
The resulting isoform 2 has a shorter (356 amino acids) and distinct N-terminus compared
to isoform 1. There is 1-141 amino-acid missing and substitution of 142-152:
RGAQLWRSLSE — MPEGEDFGPGK) (Kurth et al., 2009).
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Figure 6. The upper image shows the position of JKI1 (FAM134B) gene in relation
to delta-catenin. The image below it illustrates the gene’s location in relation to the
chromosome 5.

2.4.4 FAM134B in Human tissues

FAM134B is expressed in many human normal tissues including esophageal and
gastrointestinal organs (Figure 7). The highest FAM134B expression is found in brain,
kidney,hypothalamus, pancreas, lung, hippocampus, pooled germ cell tumours. Precise
role and function of FAM134B in human cancer still remain unclear (Kurth et al., 2009).
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Figure 7. Expression of the FAM134B gene family, Kurth et al., 2009

2.4.5 FAM134B gene and Mutation

Kurth and colleagues in 2009 stated that the human FAM134B protein contains
497 amino acids (Kurth et al., 2009). Structure analysis showed that the N-terminal half
of FAM134B has 2 unusually long hydrophobic segments of about 35 amino acids each
that are separated by a hydrophilic loop of about 60 amino acids. This structure is similar
to that of reticulon proteins that shape the curvature of endoplasmic reticulum
membranes. The C-terminus of FAM134B contains a coiled-coil domain. Northern blot
analysis of adult mouse tissues detected at least 4 JK1 transcripts. High expression of an
approximately 1.5-kb transcript was detected in testis only. Transcripts of about 3.5 kb
were more weakly expressed in dorsal root ganglia, oesophagus, skeletal muscle, and
kidney, and many other tissues showed much weaker FAM134B expression. In situ
hybridization of day-14.5 mouse embryos showed prominent staining of sensory and
autonomic ganglia. In cultured mouse dorsal root ganglia, FAM134B colocalised with a
cis-Golgi marker and partly colocalized with a trans-Golgi marker (Kurth et al., 2009).
Loss-of-function mutations in FAM134B are the cause of hereditary sensory and
autonomic neuropathy type 2B (HSAN2B). The onset of hereditary sensory and
autonomic neuropathy type 1l (HSANII) in a Somalian family occurred due to a
homozygous nonsense mutation in FAM134B (Murphy et al., 2012). The similar finding
reported in a Saudi-Arabian family (Kurth et al., 2009). The mechanism by which
mutations in FAM134B cause HSNII is unknown. They suggested that a structural change
in the Golgi apparatus may occur affecting trafficking of neurotrophins which are critical
for the survival of sensory and autonomic ganglia neurones. They also reported that
considerable motor involvement rather that autonomic involvement in the patient
providing further evidence for the pathogenicity of mutations in FAM134B. Kong et al.
showed that FAM134B and tumour necrosis factor receptor superfamily member 19 have

a strong synergistic effect in exposure to vascular dementia (Kong et al., 2011).
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It indicates that FAM134B is associated with the different complex network of the
biological system. Another study by Scheubert et al. reported that FAM134B is the best
biomarker for pluripotent stem cells using a wrapper of genetic algorithm and support
vector machine (GA/SVM) approach (Scheubert et al., 2011). They mentioned that the
sets of pluripotency markers returned by the GA include the FAM134B gene in 35% of
the selected gene sets (174 times out of 500) making it the most important feature for
selection marker. In the neural context, Golgi-mediated processing and/or transport of
neurotrophin precursors and their receptors may be impaired as FAM134B mutation
produces new cis-Golgi-protein. In the Embryonic Stem cell perspective, FAM134B
mutation can lead to Golgi-mediated post-translational processing (glycosylation,
methylation etc.) and/or transport of two markers of unknown function in pluripotency,
SSEAL (stage-specific embryonic antigen 1) and AP (alkaline phosphatase) may be
impaired since both of these protein localised in the Golgi-apparatus. Davidson et al.,
(2012) also reported a homozygous nonsense mutation in FAM134B (p.GIn145X), in an
in a UK cohort patient with HSAN 11 (Davidson et al., 2012). Another study also found
FAM134B mutation in the patients of HSAN Il with spasticity (llgaz et al., 2013). These
results represent that FAM134B genetic alteration linked to the pathogenesis of
neurodegenerative disease. Melchiotti et al. exhibited that FAM134B up-regulation is
connected with allergic rhinitis patients. An up-regulation of FAM134B gene expression
at mMRNA level is occurred by exposure of monocytes to extracellular ATP (Melchiotti et
al., 2014). Extracellular ATP is a pro-inflammatory molecule released by damaged cells
and regulatory T cell. It can suppress inflammation by hydrolysis these molecules through
the production of ecto-nucleoside triphosphate diphosphohydrolasel (known as CD39).
This study also revealed a negative correlation of CD39 expression with FAM134B
expression in whole blood from their cohort analysis (Melchiotti et al., 2014). By this
way, the FAM134B molecule may likely to play a key role in host immune protection
and inflammatory responses. So, the FAM134B protein could potentially be involved in
vesicle trafficking as it is located in the cis-Golgi compartment and may also influence

cytokine secretion by monocytes in response to external stimuli including ATP.

2.4.6 FAM134B in colon cancers

In colorectal cancer, we have reported that FAM134B is a growth related gene
which acts as a driver player in the cancer progression via presenting its tumour
suppressor properties (Kasem et al., 2014a; Kasem et al., 2014b; Kasem et al., 2014c;
Islam et al., 2016). It was reported that FAM134B DNA copy number deletion was noted

in 57% patients with colorectal cancer while compared to non-neoplastic tissue (Kasem
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et al., 2014a). Lower copy number were also associated with the advanced pathological
staging (TNM) of the colorectal adenocarcinomas (Kasem et al., 2014a). Also, more DNA
copy number amplification of JK-1 gene was found in adenomas when compared to non-
tumor tissues and cancers (Figure 8). So, FAM134B copy number alterations were found
as a frequent incident in colorectal adenoma and adenocarcinoma (Kasem et al., 2014a).
Survival analysis by the authors also suggested that lower survival rates were found in
patients with copy number deletion when compared to patients with amplification or no

change in DNA copy numbers (Kasem et al., 2014a).

L T Adercres Conie

Figure 8. JK1 amplification levels in different colorectal tissues. Lower level of
amplification ratio (shown as inverse ratio) was obtained for cancer samples compared
to the colorectal adenoma or non-cancer samples (p=0.029), Kasem et al., 2014a

Our group have also examined the mRNA expression of FAM134B on a large number of
tissue samples from patients with colorectal tumours. The results showed that mMRNA was
notably lower in colorectal cancer than in normal and benign tumour groups (Kasem and
Lam, 2010). Significantly lower levels of FAM134B mRNA expression was reported in
colon cancer cell line when compared to non cancer colonic epithelial cell line (Kasem et
al., 2014b).

Figure 9. Immunocytochemistry for JK1 protein in colon cancer cell line (SW480).
The sub cellular localization of JK1 protein is highlighted by the strong nuclear staining.

Kasem et al., 2014c
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The low expression levels of FAM134B implies that FAM134B acts as a tumour
suppressor gene in colorectal adenocarcinoma (Kasem et al., 2014c). It was also reported
that FAM134B protein expression was significantly underexpressed in comparison to
non-neoplastic tissues and colorectal adenoma via immunocytochemistry and
immunohistochemistry ( Figure 9 and 10) (Kasem et al., 2014b). A functional study by
our team suggested that FAM134B inhibits the invasion and migration of colon cancer
cells (Kasem et al., 2014c). The findings to date indicate that FAM134B play an important
role in the pathogenesis of colorectal adenocarcinoma. Furthermore, the stage-dependent
expression of FAM134B in colorectal cancer has been recently reported and it suppresses
the growth and proliferation of colon cancer in vivo and in-vitro (Islam et al., 2016). A
more recent study reported the novel mutations of FAM134B in colorectal cancer which
was significantly associated with several clinical and pathological parameters (Islam et
al., 2017).
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Figure 10. JK1 protein staining on |mmunoh|stochemlstry across different grades
of colorectal cancer. A. Strong nuclear staining was noted in well /moderately
differentiated ADC. B. Weak nuclear staining was noted in poorly
differentiated (mucinous) adenocarcinoma. Kasem et al., 2014c

2.4.7 FAM134B in oesophageal squamous cell carcinoma

The genes in the p-arm region of chromosome 5 play crucial roles in the pathogenesis
of ESCC. In the early investigation, our group discovered several novel genes in
chromosome 5p by inter-simple sequence repeat PCR, a DNA fingerprinting approach
(Tang et al.,, 2001). Also, chromosomal gains in chromosome 5p were noted in
approximately 50% of the ESCC patients via comparative genomic hybridization (Kwong
et al., 2004). By searching a region of chromosome 5p amplified in ESCC in a Chinese
population, Tang et al. 2007 identified JK1 also known as FAM134B. The deduced 39.3-
kD protein has an EGF-like domain, 3 N-glycosylation sites, 3 N-myristoylation sites,
and numerous possible phosphorylation sites. It was reported that JK1 was overexpressed

in a significant number of ESCC cell lines and tumours compared with normal
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oesophageal cells and tissues by multiplex RT-PCR (Figure 11) (Tang et al., 2007).
Overexpression of JK1 in NIH-3T3 mouse fibroblasts and HEK293 cells caused an
increase in growth rate, colony formation in soft agar, and foci formation in confluent
cultures. In vivo study revealed that high-grade sarcomas were formed in athymic nude
mice following subcutaneous injection of JK1 overexpressing NIH-3T3 cells (Tang et al.,
2007).
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Figure 11. Multiplex RT-PCR analysis for FAM134B expression in ESCC cell lines
and NE1, a non-tumour epithelial cell line. GAPDH expression was used as an internal
control. ESCC cell lines of KYSE 70, 140, 180, 450, 510, HKESC-1, HKESC-2, HKESC-
3 and SLMT-1 showed overexpression of JK1, while KYSE 30, 150, 410 and 520 showed

underexpression.

2.5 Detection of genetic and epigenetic biomarkers

2.5.1 Optical strategies for detection of genetic and epigenetic biomarkers

Over the last few decades, a large number of optical techniques have been extensively
developed for the analysis of various cancer associated genetic (e.g., gene mutations) and
epigenetic biomarkers (e.g., DNA methylation, non-coding RNAs etc.) (Carrascosa et al.,
2016; Islam et al., 2017). These techniques are mostly confined to fluorescence, surface
plasmon resonance (SPR), Raman spectroscopy, electrochemiluminescence and
colorimetric readouts (Islam et al., 2017).

Fluorescence resonance energy transfer (FRET) is the most commonly used
fluorescence method for the detection of cancer biomarkers. In FRET, when a donor
chromophore is in an excited state, it can transfers energy to an acceptor chromophore
through the non-radiative process, resulting in a change in the fluorescence intensity. The
electronic energy transfer between chromophores is the result of the dipole-dipole
interactions between a donor and an acceptor chromophore, where the FRET intensity is
inversely proportional to the sixth power of the distance between donor and acceptor
(Freeman and Willner 2012). When donors are excited, energy is transferred to the
acceptor molecules which result in a significant fluorescence amplification enabling the
detection. Over the past several years, several FRET techniques for DNA methylation
analysis have been developed where different types of chromophore including cationic
conjugated polymers (CCPs) (Feng et al., 2008) quantum dots (QDs) (Ma et al., 2016)
and up-conversion nanoparticles (UCNPs) (Kim et al., 2016a) were used. Apart from the

epigenetic biomarker screening, FRET has also been widely used to interrogate genetic
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biomarkers (Shi et al., 2015). For instance, Kitano et al. (Kitano et al., 2011) developed a
method referred to as fluorescence resonance energy transfer-based preferential
homoduplex formation assay (FRET-PHFA) for detecting somatic mutations. FRET-
PHFA method enabled the rapid (15 min) identification of multiallelic KRAS mutations
in codons 12 and 13 with high sensitivity and reproducibility.

SPR is considered as one of the effective optical detection approaches due to its
unique capability of real-time and label-free monitoring of disease-related biomolecules.
Upon adsorption of the biomolecules on the metallic sensor surface of SPR, it can
specifically analyse the binding event of biomarkers in real time (Homola 2008).
Depending on the presence of target molecules on the metallic SPR sensor, the refractive
index of the metal substrate changes allowing the detection (Homola 2008; Sipova et al.,
2010). In recent years, diverse type of SPR based DNA methylation detection approaches
has been introduced (Pan et al., 2010; Sina et al., 2014a). In these appraoches, either an
SPR sensor surface bound capture probes specific for methylated target region or
methylation specific recognition elements (e.g., MBD protein or 5mC antibody) have
been used to recognise the methylation sites (Pan et al., 2010). However, the direct
detection of methylated DNA by SPR has also been reported which avoids any type of
capture or recognition elements as evident by the method developed by Sina et al. (Sina
et al., 2014a). In this assay, methylated DNA is directly adsorbed on the SPR sensor
surface which results in a measurable refractive index changes compared to that of the
unmethylated control. Bisulfite-treated methylated and unmethylated DNA sequences
possess a distinct level of adsorption pattern on the gold surface of SPR sensor due to the
different affinity interaction of DNA bases towards gold, which facilitates distinguishable
refractive index changes in methylated and unmethylated DNA. Similarly, SPR has also
been used to design several novel biosensors for the detection of gene mutations (Fiche
et al., 2008; Jiang et al., 2005).

Other optical methods such as Raman spectroscopy especially surface-enhanced
Raman scattering (SERS), elecelectrochemiluminescence (ECL) and colorimetric
readouts have been extensively used for identification of various genetic and epigenetic
biomarkers (Ge et al., 2012; Hu and Zhang 2012; Kim et al., 2016b; Kurita et al., 2012;
Lietal., 2005; Zhu et al., 2004). Although the recent developments in imaging processing
technologies have led to the development of many integrated optical biosensors for the
quantification and detection of biomarkers, most of the methods rely on complex and
expensive instrumentations (Islam et al., 2017). Despite the high analytical performance
of optical sensors compared to the conventional biomarker detection methods, portable,
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easy to use and inexpensive methods are still required to be developed for biomarker
analysis. In this regard, electrochemical methods offer relatively inexpensive and simple
platform for biomarker detection and analysis. Electrochemistry is a surface bound
technique, which mainly relays an interaction between the surface and target analyte
either directly or through a mediator, and it requires very small sample volumes can be
used for measurement (Labib et al., 2016). Additionally, electrochemical methods are
highly amenable to miniaturisation and have the potential to be multiplexed.

2.5.2 Electrochemical detection techniques

In electrochemical methods, target biomolecules can be detected by converting the
biological event to an easily processed electronic signal (D'Orazio 2003; Ronkainen et
al., 2010). Over the past several decades, many electrochemical sensing approaches have
been widely developed to interrogate clinically relevant biomolecules (Grieshaber et al.,
2008; Labib et al., 2016). In electrochemical detection, a variety of recognition elements
(e.g. antibodies, enzymes, oligonucleotide probes etc.) are used to interact with the target
to selectively recognise the biomarker. Then, an electroactive signal transducer is
incorporated in the sensor to obtain a measurable electrochemical signal (Figure 12). This
signal obtained could be the amount of current measured as a function of time via
amperometric (e.g., chronoamperommetry) and voltammetric techniques (i.e., cyclic
voltammetry (CV), linear sweep voltammetry, differential pulse voltammetry (DPV),
square wave voltammetry (SWV) and stripping voltammetry). The measurable amount
of charge accumulation or potential as a function of time can also be obtained as an
electrochemical signal in different potentiometric and coulometry (e.g.,
chronocoumometry) methods (Chaubey and Malhotra 2002).
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Figure 12. Schematic presentation of a biosensor with electrochemical
transducer.
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Amperometry

Amperometric biosensors generally measure the current changes, resulting from the
redox process (biochemical reaction) of an electroactive species on the electrode
(working) surface (Thevenot et al., 2001). A number of current changes is directly
proportional to the concentration of the target analyte which facilitates the quantitative
detection of biolchemical events (Chaubey and Malhotra, 2002). The most notable
examples of amperometric sensors are glucose biosensor (based on the detection of
hydrogen peroxide) and pregnancy kit (amperometry works in combination with
immunue sensors for measuring the levels of the human chorionic gonadotropin subunit)
(Grieshaber et al., 2008).

Chronoamperometry is one of the widely used amperometric techniques, where
a potential is stepped to the working electrode for calculating the steady state current with
respect to time (Grieshaber et al., 2008). Current changes are occurred due to the
oxidation or reduction of the diffusion layer at the electrode. The longer the electrode
remains at this reducing potential, the region away from electrodes gains more variable
concentration creating an area which is known as the diffusion layer. Diffusion layer,
which is the region near electrodes having different concentrations of the analyte
compared to the bulk solution, was first introduced by Nernst which confirms the
presence of a stationary thin layer of solution in the vicinity of the electrode surface. The
local analyte concentration thereby reduced to zero at the electrode surface and as per the
concept of the diffusion layer, analytes in the bulk solution gain higher concentration to
the electrode resulting in a concentration gradient away from the electrode surface. In the
bulk solution, the concentration of the analyte is sustained at a value of Co by convective
transfer (Figure 13).

Chronoamperometry readout consists of either a single potential step (current
results only from the forward step) or double potential step (potential is returned to a final
point after a given time). The principle of this technique can be described by the Cottrell
equation (Nahir and Buck, 1992) (Equation 1), which defines the observed current (planar
electrode) at any time following a large forward potential step in a reversible redox

reaction (or too large overpotential) as a function of t /2

. nFAC,D,"
L = T AR 1)

Here, n = stoichiometric number of electrons involved in the reaction; F = Faraday’s
constant (96,485 C/equivalent), A = electrode area (cm2), Co = concentration of analytes

(mol/cm®), and Do = diffusion coefficient (cm?/s).
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Figure 13 Schematic presentation of Chronoamperometry, Bard
and Faulkner, 1980.

Amperometric detection is highly suitable for biocatalytic and affinity sensors as it offers
very low detection limit (Halsall and Heineman, 1990). Additionally, the constant
potential during the detection results in a negligible charging current thereby reducing the
background signal (Ronkainen et al., 2010).

Voltammetry

As discussed in the previous section, in amperometry a constant potential is
maintained while measuring the current, however, in voltammetric technique, the current
readout is observed where the potential varies in a definite manner (Grieshaber et al.,
2008; Ronkainen et al., 2010). The current measured describes the diffusion of analytes
from the solution to the electrode for further oxidation or reduction where the current
obtained is linearly proportional to the concentration of target analyte (Grieshaber et al.,
2008). Since the potential of the voltametric sensor can be changed in different ways,
there are also many reported forms of voltammetry such as differential pulse
voltammetry, square-wave voltammetry, linear sweep voltammetry, cyclic voltammetry,
hydrodynamic voltammetry, polarography, and stripping voltammetry (Ronkainen et al.,
2010).

Cyclic voltammetry (CV) is the most widely used forms in voltametric sensors
where the potential is scanned between two values (i.e., V1, V2) at a fixed rate. When the
voltage reaches V2, the potential scan is reversed back to V1, as shown in Figure 18
(Grieshaber et al., 2008). The scan rate of CV is crucial as the adequate duration of a scan
is required to facilitate the chemical reaction to occur. The voltage is measured between
the reference and working electrode whereas the current is calculated between the
working and counter electrode. The readout is plotted as current vs. voltage which is

known as voltammogram (Figure 14).
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Figure 14. A typical cyclic voltammogram recorded for a reversible one electron
transfer reaction.

In a cyclic voltammogram, the important parameters are the peak potentials (Epc, Epa)
and peak currents (ipc, ipa) of the cathodic and anodic peaks, respectively. If the electron
transfer process is fast compared with other processes (such as diffusion), the reaction is

said to be electrochemically reversible, and the peak separation is

RT
AEp =I Epa — Epc 1= 2303 — e (2)

The formal reduction potential (E°) for a reversible couple is given by

Epc + Epa
2
In linear Sweep Voltammetry (LSV), the observed peak current, ip, for a reversible

electron transfer is given by the Randles-Sevcik equation,

3 1 1
ip = (2.69x10°) nZADZ CivZ ..o es cee eeen. (4)

It should be mentioned that in CV both faradaic and non-faradaic processes take place
while in Differential pulse voltammetry, the charging current resulted in non-faradaic
process is minimized making them one of the highly sensitive voltametric
techniques. DPV involves a range of successive pulses of voltage superimposed on the
potential linear sweep or stairsteps. The current is measured instantly before each
potential step, and the current changes are plotted as a function of potential to enable the
detection (Aoki et al., 1984; Lovri¢ and Osteryoung, 1982) (Fig. 15).

However, when the equivalent time is used at the potential of the ramped baseline and
superimposed pulse, the pulse voltammetry is known as square wave voltammetry
(SWV) (Chen and Shah, 2013). Gupta et al. stated that the sensitivity of SWV is relatively
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Figure 15. Schematic diagram of a potential wave form for normal pulse
voltammetry, Bard and Faulkner, 1980.

better than that of DPV (Gupta et al. 2011). In their study, 4 times higher SWV peak
current was observed than that of DPV. The principle of SWV has been shown in figure
16. SWV possesses staircase potential ramp combined with square-shaped potential
pulses (Figure 16A) while the potential cycle composed of two neighbouring pulses
(Figure 1B). The SW amplitude is the height of the pulses ( Esw) and the SW frequency
(), defined as f = 1/t, where t is the duration of a potential cycle. In terms of the duration
of the single potential pulse tp (t = 2tp), the frequency could be defined as f = 1/(2tp). The

potential cycle is repeated at each step of the staircase ramp with a forward and reverse
pulse.
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Figure 16. (A) A typical potential waveform, (B) one potential cycle, and (C) a
typical voltammogram in SWV, Bard and Faulkner, 1980.

SWV biosensors offer high selectivity and sensitivity and thus have been extensively used

to develop a biosensor for numerous genetic and epigenetic biomarkers (Chen and Shah,
2013).
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In another electrochemical technique, chronocoulometry (CC), the total charge (Q)
transfer following a potential step is measured as a function of time. Q is obtained by
from the integration of the current, i, during the potential step. For a diffusion only
standard electrochemical system, measured Q upon a potential step towards more

negative of the can be explained by the Anson equation;

1/2
Qr:%[r“ﬁ(t—r)m—t“z] ........... (5)

Figure 17 depicts the chronocoulometry experiment with a double potential step.
Compared to the amperometric and voltametric approaches where the current is measured
as the readout signal, The most obvious advantage of recording CC is the improvements
of signal-to-noise ratio. Additionally, the enhanced signal observed in CC also can

explain the kinetics of chemical reactions following electron transfer.
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Figure 17. A typical potential wave form and charge-time response for a double-
potential step for chronocoulometry, Bard and Faulkner, 1980.

DNA-gold affinity interaction for biosensing

Over the past several decades, an impressive number of biosensing approaches based on
coupling DNA receptors onto gold surfaces have been developed (Drummond et al.,
2003; Song et al., 2008). In these biosensors, the gold sensor surface is coupled with
selective DNA probes for designing the biorecognition and transduction layers to capture
and detect the varying number of targets including disease-associated DNA, RNA,
proteins, and other biomolecules (Song et al., 2008). Generally, covalent surface
chemistries such as gold-thiol interactions have been employed to attach the DNA probes
with the gold surfaces (Mirkin et al., 1996; Steel et al., 2000). In the past decades, intense
attention was given to avoid the underlying complex chemistry (e.g., gold thiol
interaction) involved in DNA-gold sensors and to develop the easiest way to directly
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adsorb DNA on the gold surfaces (Koo et al., 2015). In that time, it was a common
perception that the direct adsorption of native DNA onto the gold surface is theoretically
not possible as it is ‘complex’, ‘non-specific’ and ‘difficult to control’ (Koo et al., 2015;
Lao et al., 2005). However, over the past 15 years, there was an exemplary development
in the field of DNA-gold direct interaction by the Mirkin (Demers et al., 2002; Ostblom
et al., 2005), Tarlov (Kimura-Suda et al., 2003; Opdahl et al., 2007), and Rothberg
(Nelson and Rothberg, 2011) research group. Several fundamental studies from these
groups showed that DNA-gold interactions can be tuned for specific and controlled
adsorption which further indicated that the adsorption of DNA onto gold happens in a
sequence dependent manner follows a definite adsorption trend of adenine (A) > cytosine
(C) > guanine (G) > thymine (T) (Fig. 18) (Kimura-Suda et al. 2003; Koo et al. 2015).
Till then, the distinct affinity interactions of DNA bases towards gold have been used as
an advantage to develop a number of cost-effective and exceptionally simplified
biosensors (via avoiding underlying complicated chemistries of attaching DNA to gold
surface) including electrochemical and colorimetric sensors (Hossain et al. 2017; Li and
Rothberg 2004a; Islam et al. 2017; Opdahl et al. 2007; Zhang et al. 2012; Zhang et al.
2013).
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Figure 18. The relative affinities of DNA nucleobases towards gold surface follow the
trend A>C>G>T.

The affinity interaction between DNA and gold is finely controlled by various interrelated
non-covalent forces (e.g., electrostatic interactions, hydrophobic forces etc) and factors
(e.g., sequence-dependency and DNA conformation) (Koo et al., 2015). The underlying
principles of the DNA-gold affinity interaction and the interplays between the associated
influencing factors are crucial for the development of suitable DNA-gold based
biosensors. It has also been well understood that these factors are commonly influenced
by external conditions including pH, time and buffer composition (Koo et al., 2015). The
most important non-covalent force involved here is the electrostatic interactions between
DNA and gold. This is due to the fact that, electrostatic repulsion occurs between
negatively charged phosphate backbones of DNA and positively charged gold surfaces
especially gold nanoparticles (AuNPs) (Koo et al., 2015). Therefore, to attain the
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successful adsorption of DNA onto the gold surfaces, the experimental conditions such
as pH and salt concentrations in the electrolytes should be optimized in such way that the
adsorption process can overcome the repulsive forces between oppositely charged DNA
and gold. In addition to the electrostatic forces, hydrophobic forces can also influence the
DNA-gold interactions (Nelson and Rothberg 2011).

Tarlov and colleagues (Steel et al. 1998) were the first to provide the empirical
evidence of the affinity interaction of DNA and gold. They detected the lower affinity of
dT-rich oligonucleotide onto gold surface compared to random DNA sequences and
thereby hypothesised the possibility of sequence dependent adsorption DNA onto a gold
surface. This observation was further confirmed by several studies from Mirkin and co-
workers (Demers et al. 2000; Storhoff et al. 2002). They have also proposed a specific
affinity trends of DNA bases (guanine (G) > adenine (A) > cytosine (C) > thymine (T))
(Demers et al. 2002; Ostblom et al. 2005). However, in 2003, this observation was
contested by a landmark study developed by Kimura-Suda et al (Kimura-Suda et al. 2003)
and a very different type of adsorption trend of A > C $ G > T was demonstrated (Fig).
This specific sequence dependent trend was confirmed by a series of further studies using
both planar gold surfaces (Koo et al. 2014; Opdahl et al. 2007; Sina et al. 2014a; Sina et
al. 2014b) and AuNPs systems (Zhang et al. 2012; Zhang et al. 2013).

Applications of DNA-gold affinity in electrochemical detection

Typical DNA biosensors rely on the immobilisation of thiol-modified ssDNA
probes on the sensor surface (i.e. gold) to generate self-assembled monolayer for
hybridizing the specific sequences of biomarkers (Drummond et al. 2003). However,
development of thiol-modified ssDNA capture probes along with various sensor
fabrication steps increase the complexity and cost of the assay. Since DNA-gold
interaction maintained specific sequence-dependency under optimised conditions, it has
the high potential for the direct detection of biomolecules via adsorbing unmodified DNA
on the gold surfaces. This could avoid the complicated surface chemistry involved in the
surface modification of the electrode while developing relatively inexpensive, rapid and
simple alternative for biosensing (Hossain et al. 2017). Consequently, base-dependent
DNA adsorption has been found to be an effective way to control the immobilization of
unmodified DNA probes onto gold surfaces. This definite trend of nucleobases adsorption
on gold can be used to distinguish two different DNA sequences (e.g., bisulfite-treated
methylated and unmethylated DNA sequences, mutations). Until recently, very few
methods have been reportedly developed for DNA methylation detection using this
phenomen (Koo et al. 2014; Sina et al. 2014b).
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To the best of our knowledge, Sina et al. (2014b) reported the first demonstration
of an electrochemical method (referred to as eMethylsorb) for 5mC quantification that is
based on the different affinity interactions between DNA bases and unmodified gold
electrodes (Figure 19). In eMethylsorb, initial bisulfite treatment of extracted DNA
converts unmethylated cytosines into uracils but methylated cytosine remains unchanged.
Subsequent asymmetric PCR amplification steps convert uracils of antisense strands into
adenines whereas guanines are generated from mC and C. Thus the target methylated
DNAs become guanine-enriched leaving the unmethylated samples adenine-enriched.
These base differences in the methylated and unmethylated DNA sequences result in two

distinct adsorption behaviour towards gold.
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Figure 19. Schematic representation of the eMethylsorb approach for DNA
methylation detection. As DNA-gold affinity interaction follows the trend, A> C>
G> T, the adenine-enriched unmethylated DNA adsorbed more on the electrode
compared to the guanine-enriched methylated DNA. Due to the strong coulombic
repulsion between [Fe(CN)6]%> ions and negatively charged adenine or guanine
enriched DNA strands, a detectable amount of Faradaic current is produced. Sina et
al. 2014b.

ssSDNA- AuNPs adsorption has been used in many optical sensors for detecting single
nucleotide polymorphisms (SNPs) or gene mutations (Li and Rothberg 2004a; Li and
Rothberg 2004b). Among these methods, the colorimetric method involving the salt
induced aggregation of AuNps is the most common and effective way to visualise the
mutations (Li and Rothberg 2004a).
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Electrochemical detection of gene mutations

Gene mutations play an important role in multiple alterations in protein structure,
expression levels and gene regulations in many diseases including cancer (Sidransky
2002). Increasing number of research has shown their active role diagnosis and prognosis
of cancer (Greenman et al. 2007; Sidransky 2002). Over the past several years, many
conventional methods mostly based on gene sequencing and optical readouts have been
developed for the detection of mutations and single nucleotide polymorphisms (SNPs)
alleles (Alioto et al. 2015; Grompe 1993). Despite their good performance, they are not
always suitable for mutation screening in under-resourced settings due to the potential
cost barrier of using sophisticated instruments and longer assay time. To meet the
increasing demand for an alternative detection method, a number of electrochemical DNA
sensors have been developed which are relatively inexpensive, rapid and sensitive (Boon
et al. 2000; Drummond et al. 2003; Johnson et al. 2012; Kelley et al. 1999). In the past
decade, Barton group has contributed significantly in the electrochemical biosensing of
point mutations and DNA-base lesions based on unique DNA charge transfer phenomena
(Boon et al. 2000; Kelley et al. 1999). Generally, in these methods, a mutation specific
DNA probe is initially attached to the electrode surface via covalent conjugation or self-
assembly monolayer formation. A redox-active label that attached either intercalatively
to the hybridised target or covalently to the label is then used to detect and quantify the
mutations. For instance, Boon et al (Boon et al. 2000) developed a DNA charge transport
based mutation detection method using the redox active methylene blue. In this method,
gold electrodes were initially modified with preassembled DNA duplexes for further
monitoring electrocatalytic signal of methylene blue in the presence of [Fe(CN)g]*>. The
presence of a mutation (base mismatch) or DNA damage considerably reduced the
electrocatalytic signal. The applicability of the method was successfully tested to detect
eight possible single-base DNA mismatches and mutation hotspots of p53 gene. The
underlying principle of this assay is based on the catalytic charge transport through the
DNA films where the electrons are transferred from the electrode surface to intercalated
MB in a DNA-mediated reaction. When methylene blue is reduced to leucomethylene
blue (LB), ferricyanide present in the solution is also reduced allowing more electron
transport to methylene blue. This helps to maintain a continuous catalytic signal.
However, when the target sequence is hybridised with surface bound capture probe, the
double-stranded duplexes mutational sites, there is less number of methylene blue
molecules are available for being electrochemically reduced resulting in a significant

reduction in the catalytic signal.
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Figure 20. A typical representation of biosensor based on DNA duplexes (cyan and
white) immobilized on a gold surface, Kelley et al. 1999

A similar type of method has also been developed by the group for a high-throughput
screening of mutations (Kelley et al. 1999). The method employed various redox active
indicators including Ir(bpy)(phen)(phi)3+ (orange), DM (red) and methylene blue (blue).
Figure 20 shows that the groove-binder Ru(NH3)5CI2+ (purple) and [Fe(CN)s]*(green)
cannot bind the hybridized sequences on the electrode surface due to its negative charge.
Since then, a range of electrochemical methods has been described for the sensitive and
selective detection of mutations in duplex DNA (Cash et al. 2009; Wakai et al. 2004; Xiao
et al. 2006). Despite such progress, a simple, rapid yet sensitive electrochemical sensor is
still highly amenable for the routine mutation screening in resource-limited settings which
can avoid the multistep fabrication of the sensors (i.e., the lack of a robust protocol for
electrode modification). As discussed in the previous section, the specific trend of base-
dependent affinity interaction (i.e., adsorption) of DNA bases on the bare gold surface
(i.,e., A>C>G>T) can be a possible option to achieve this goal. This is due to the fact
that mutated and unmutated (wild-type) DNA sequences have their distinct ability to
interact with gold surfaces as a consequence of their different mutation status (different
bases). Thus apart from the simplification of the sensor, the direct adsorption of DNA
onto an unmodified gold electrode could also provide the accurate measurement of the

adsorbed DNA onto an unmodified gold electrode for quantifying gene mutations.
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Chapter 3

Expression and copy number profiling of FAM134B
In oesophageal squamous cell carcinoma

A detailed explanation of methodology and results on guantification of FAM134B copy

number changes are described in chapter 5 as it appears in Scientific reports (2016).

Profiling of FAM134B expression data has not published vet as it appears in page at 93-
100.
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Introduction

Recent advances in high-throughput technologies have been provided that
changes in DNA copy number and overexpressed or underexpressed transcript of a gene
may serve as DNA-based and RNA-based biomarkers in cancer, respectively. Growing
number of evidence suggest that FAM134B gene plays a key role in regulating cancer cell
biology and in autonomic neurological disorders via presenting its altered expression
pattern and cellular autophagy. Previously, it has been reported that FAM134B has
oncogenic properties in oesophageal squamous cell carcinoma (ESCC) while in colon
adenocarcinoma, it acts as tumour suppressor gene. However, at this moment, there is
little fundamental information regarding the molecular roles of FAM134B in the
pathogenesis of oesophageal squamous cell carcinoma. Also, FAM134B protein has not
been quantified in ESCC. In addition, there is no report on FAM134B copy number
changes and expression in a large cohort of tissue samples from patients with ESCC. A
comprehensive study on FAM134B at DNA, mRNA and protein level will elucidate the
role of FAM134B in the pathogenesis of ESCC. The aim of this study is to detect the
FAM134B copy number variations and expression in a large cohort of tissue samples from
patients with ESCC. Correlation of FAM134B copy number variations, expression and

their clinicopathological significance in patients with ESCCs were analysed.
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3 Profiling of FAM134B expression in ESCC
3.1 Materials and methods
3.1.1 Recruitment of tissue samples with clinicopathological parameter

To explore the expression pattern of FAM134B, about 55 fresh tissues samples
including primary tumour, adjacent normal and lymph node metastasis from patients
diagnosed with oesophageal squamous cell carcinoma were recruited with no selection
bias during the period of 1990 to 2005. Tissue samples for this research were collected
after esophagotomy from the Department of Surgery, Queen Mary Hospital, Hong Kong.
These samples comprised tumour tissues and adjacent normal tissues of same patients
with different stages of oesophageal squamous cell carcinoma. Ethical approval has been
obtained for the use of these samples. The adjacent non-tumor epithelial tissues which are
at least 10 cm away from the tumour were also enlisted. For each tissue sample, the sex,
age, exact site, stage, TNM stage and status of tumours were documented. In this study,
the parameters such as site (Lower, Middle and Upper part of the oesophagus), stage (Low
and High), TNM stage (I, 11, 11l and V) and status (Alive and Dead) were also recorded
for studying significant correlation with FAM134B gene copy number alteration. The
tissue samples were fixed in 10% formalin and embedded in paraffin in keeping with
standard hospital procedures for immunohistochemical staining. For FAM134B mRNA
expression analysis, fresh frozen tissues were used after snap freezing them in liquid
nitrogen. Both formalin-fixed-paraffin-embedded blocks and fresh tissues were sectioned
using a tissue microtome (Leica, RM2235, Wetzlar, Germany) and a cryostat (Leica CM
1850 UV, Wetzlar, Germany) respectively. Tissues were sectioned in 5 microns for
histopathological analysis via haematoxylin and eosin. The histological slides were
examined by an expert hospital pathologist and reviewed by the research supervisor and

principal investigator.

3.1.2 ESCC cell lines

Four oesophageal cancer cell lines such as HKESC-1, HKESC-4, KYSE-70,
KYSE-510 and one skin epithelial cell line such as HACAT keratinocyte were recruited
for this study. Two ESCC cell lines (HKESC-1 and HKESC-4) were kindly provided by
our research group (Hu et al., 2000; Cheung et al., 2007). Other ESCC cell lines, KYSE-
70, KYSE-510, purchased from Leibniz Institute DSMZ (German collection of
microorganisms and cell cultures). The ESCC cell lines of HKESC-1, HKESC-4 and
KYSE-510 are maintained in minimum essential medium alpha medium with non-

essential amino acids (MEMa growth medium, Gibco) supplemented with 10% fetal
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bovine serum (FBS, Gibco), 100 pg/ml penicillin (Gibco) and 100 unit/ml streptomycin
(Gibco). On the other hand, HACAT keratinocyte and KYSE-70 cell lines are maintained
in Dulbecco's minimum essential medium (DMEM growth medium, Gibco) and RPMI
medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 100 pg/ml
penicillin (Gibco) and 100 unit/ml streptomycin (Gibco), respectively. The ESCC and
HACAT cell lines are cultivated in a 37°C humidified cell culture incubator with 5%
carbon dioxide (CO2). Depending upon confluences, cells are washed with PBS and split
into 1:3 ratio by using 0.25% trypsin in 0.25% EDTA (Gibco) for subculture. The cell
pellets are harvested via trypsinization and kept in -80°C for used for DNA and RNA
extraction. The liquid nitrogen stocks are made by freezing the cells in 70% of their
corresponding mediums, 20% of FBS and 10% of dimethyl sulfoxide (DMSO, Sigma) at

-80°C for 24 hours and followed by the storage in a liquid nitrogen tank.

3.1.3 RNA and DNA extraction from tissue samples and cell lines

For assessing the genetic analysis of FAM134B, fresh frozen ESCC tissues were
sectioned into 10um slices for DNA and RNA extraction. For each tissue samples,
additional sections have been taken for haematoxylin & eosin staining as these are used
to differentiate tumour from surrounding morphologically normal tissue. DNA and RNA
are extracted from tissue samples and cell lines as well as purified simultaneously using
the protocol from all prep DNA/RNA mini kit (Qiagen, Hilden, NRW, Germany). DNA
and RNA quantification is accomplished via Nanodrop Spectrophotometer (BioLab,
Scoresby, VIC, Australia) and purity is measured using 260/280 ratio. The concentration
of DNA and RNA is noted in ng/pl. RNA was used for cDNA conversion and DNA was
stored at -20°C until assayed.

3.1.4 cDNA conversion

Reverse transcription reactions were performed using 1 pg total RNA in a final
reaction volume of 20 pl. cDNA conversion was achieved using the manufacturer's
instructions from miScript Reverse Transcription kit (Qiagen, Hilden, NRW, Germany).
In order to inactivation of reverse transcriptase mix, 1 pg of total RNA and Master Mix
were incubated for 60 minutes at 37°C and then heated up for 5 min at 95°C. Each cDNA
sample was diluted to 30 ng/ul for providing uniformly concentrated samples for RNA

gRT-PCR. Samples were stored at -20°C.
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3.1.5 Primer design for gRT-PCR

Primers were designed for the target FAM134B gene and housekeeping GAPDH
genes for mRNA studies. The primer sets for amplification of FAM134B (GenBank
accession number for variant 1 NM_001034850 and for variant 2 NM_019000) and
GAPDH (GenBank accession number NM_002046) genes were selected using Primer3
version 0.4.0 (http://frodo.wi.mit.edu/primer3/). The specificity of the primers was
checked using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast) and Primer
Premier program version 5 (Premier Biosoft, Palo Alto, California) to check for primer
parameters like GC content, Tm and AG, in addition, to forecasting any possible
mismatching, primer dimmer or hairpin formation. The primers for FAM134B gene were
designed to amplify both isoforms of the gene. The product of the primers for FAM134B
gene is located in Exon 7 of the gene at reference sequence of 1092-1180 of variant 1.
The primers for FAM134B gene were also designed according to exon wise for the
screening of mutation. The primer pairs were prepared from Sigma-Aldrich (NSW,
Australia). The primers designed particularly for FAM134B and control genes (GAPDH)
with a view to identifying mRNA expression levels in oesophageal squamous cell
carcinoma. The list of chosen primer sets is summarised in Table 2.
Table 2: List of Primers designed for qRT-PCR

Target Genes primer sequence (Forward and Reverse) | Amplicon size

JK1(FAM134B) | 5-TGACCGACCCAGTGAGGA-3’ 106 bp
5-GGGCAAACCAAGGCTTAA-3’
GAPDH 5-TGCACCACCAACTGCTTAGC-3' 88 bp

5'-GGCATGGACTGTGGTCATGAG-3'

3.1.6 Real-time Quantitative PCR

MRNA expression of FAM134B gene was accomplished using a rotor Gene Q
Real-Time PCR Detection system (Qiagen). cDNA and Housekeeping genes such as
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for mMRNA expression
of FAM134B gene. GAPDH has been used widely as a universal control for gene
expression in many cancer studies since its expression remains almost unchanged. qRT-
PCR was achieved in a total volume of 10 ul reaction mixture comprising 5 ul of
2XSensiMix SYBR No-ROX master mix (Bioline, London, UK), 1 pl of eachl0
picomole/ pl primer, 1 ul of cDNA/ genomic DNA at 30 ng/pl and 2 pl of Nuclease-free
water. Assays were accomplished in duplicate and a non-template control was included
in all the experiment. The results of the quantitative real-time polymerase change reaction

were analysed using the comparative threshold cycle (CT) method (Livak and
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Schmittgen, 2001). In order to perform data analysis of FAM134B mRNA expression,
relative quantification was applied to calculate the ratio between the quantity of a target
molecule in a sample (FAM134B gene) and in the calibrator (the reference housekeeping
gene GAPDH). In this study, the comparative AACt method has been used for relative
quantification as the amplification efficiency of the reference gene is roughly the same
compared to the target gene. Normalized (ACt) values were calculated by the following
equations: ACt = Ct JK1[sample] - Ct HBD/GAPDH[sample]. For getting the results of
quantitative amplification, the fold change in the target gene was also measured for each
sample via 2-AACt method: AACt= (CtJK1 — Ct GAPDH)CANCER - (Ct JK1 - Ct
GAPDH)NORMAL. For the purpose of showing the results, ratios (=Mean Ct
JK1[sample]/Ct GAPDH[sample]) were also utilised. With a view to calculating DNA
copy number change, a fold change of less than 0.9 was considered as deletion whereas
a fold change of more than 1.5 was noted as amplification of DNA in this research. On
the contrary, a fold change of more than 1.5 was regarded as a high expression of JK1
MRNA and a fold change less than one considered as a low expression of JK1 mRNA.

3.1.7 Immunocytochemistry

Immunocytochemistry studies were performed to assess the physical localisation
of FAM134B in oesophageal squamous cell carcinoma and normal epithelial oesophageal
cell lines. To facilitate this experiment, Cells were seeded at a density of 4 X 10° cells/
well on 24-well plate and cultured for 24 hours. After achieving the desired confluency,
cells were fixed in 70% ice-cold ethanol for 10 minutes at room temperature and were
permeabilized with 0.1% Triton X-100 for 5 min. Cells were washed with PBS followed
by protein block with 5% BSA (bovine serum albumin). Then, the cultured cells were
incubated with the anti-rabbit FAM134B antibody (Santa Cruz, Dallas, TX) for overnight
at 4°C. They were incubated with secondary antibody (1:1000; antirabbit IgG-poly-
horseradish peroxidase) in 5% BSA for one hour at 37°C. A brown positive staining was
obtained by developing the peroxidase activity with freshly prepared 3, 30-
diaminobenzidine (DAB) and substrate chromogen solution (Leica, North Ryde, NSW,
Australia). After washing with phosphate-buffered saline (PBS), cells were visualised by
light microscopy (Olympus CKX41, Macquarie Park, NSW, Australia). Each staining

was run in triplicate on a 24 well plate.
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3.1.8 Immunofluorescence

Immunofluorescence was used to further ascertain the cellular distribution of
FAM134B. It will provide exact localisation of FAM134B since it is more specific and
sensitive. In order to perform this experiment, cells were seeded on the sterile coverslips
at a density of approximately 10,000/cm? and incubated at 37°C for 12 hours. Then the
media was discarded and rinsed the cells with ice-cold PBS. After that, the cells were
subjected to fixation using 70% cold ethanol for 30 minutes and were permeabilized with
0.1% Triton X-100 for 5 min. The cells were then washed with PBS and blocking with
5% BSA for 1 hour at room temperature. After washing with PBS, with anti-rabbit
FAM134B (Santa Cruz) (1:150) and anti-goat giantin, a cis-Golgi marker protein
antibody (Santa Cruz) (1:150) at 4°C overnight. This was followed by 2 h of incubation
with secondary antibody labelled with fluorescein isothiocyanate (FITC) and Texas red
fluorophore (Sigma-Aldrich, St Louis, MO) at room temperature and was later mounted
on glass slides, sealed with nail polish, and then observed under a confocal microscope
(Nikon A1Rp, Nikon Inc., Tokyo, Japan).

3.1.9 Western blot analysis

Western blot analysis was carried out to study the expression pattern of FAM134B
at the protein level in different stages of cancer patients as well as in various ESCC cell
lines. To execute this experiment, total protein was extracted from cells with lysis buffer
(Bio-Rad, USA). The extracted protein was quantified using the protocol from protein
quantification assay kit (Macherey-nagel inc. Bethlehem, PA, USA). About 30 g protein
was subjected to SDS-PAGE with 4-15% polyacrylamide precast (Bio-Rad, USA) gels
and transferred to PVDF membranes (Bio-Rad, USA). The membrane was blocked with
5% non-fat milk at room temperature for 2 hours and incubated with primary antibody at
4° C for overnight. Then, the membrane was washed twice and incubated using Horse-
radish peroxidase-conjugated secondary antibody at room temperature for 2 hours.
Protein band was diagnosed by enhanced chemiluminescence (ECL) and visualised using
Chemidoc-MP imaging system (Bio-Rad, USA). A strong or thick band in the membrane
was considered as FAM134B protein high expression and the thin or weak band will be

counted as a lower expression of the FAM134B protein.

3.1.10 Data analysis
Correlations of FAM134B mRNA expression with clinicopathological parameters
were done. Comparisons between groups were implemented using the chi-square test,

likelihood ratio and Fisher's exact test. All the data was entered into a computer database
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and the statistical analysis was executed using the Statistical Package for Social Sciences
for Windows (version 22.0, IBM SPSS Inc., New York, NY, USA). The significance
level was taken at p < 0.05.

3.2 Results

3.2.1 Quantification of FAM134B mRNA expression in ESCC tissue samples
FAM134B mRNA was expressed in all tissue samples of ESCC. After performing real-
time PCR, agarose gel electrophoresis was revealed that the generated PCR product
existed as a DNA fragment of 106 bp for JK1 and 88 bp for GAPDH, shown in Figure
21.

500 bp — R

106 bp JK1

100 bp 88 bp GAPDH

Figure 21. FAM134B mRNA was expressed in all selected ESCC tissue (2-9)
except for the water control (5,9) in 2% agarose gel.

In this study, FAM134B is overexpressed in lymhnode metastasis and down-regulated in

cancer in comparison to normal tissue (Figure 22).
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Figure 22. Altered FAM134B mRNA expression levels
in normal, cancer and lymphnode tissues
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3.2.2 Altered FAM134B mRNA expression in ESCC tissues

In ESCC tissues (n=55), 49% (27/55) showed overexpression of FAM134B while 47%
(26/55) revealed down-regulation of FAM134B when compared to matched non-
neoplastic tissues (Figure 23). 4% (2/55) of the ESCC tissue did not any change in

FAM134B mRNA expression compared to the matched non-neoplastic tissues.

4% B Overexpression

I ‘ H Underexpression

E No Change
Figure 23. FAM134B mRNA expression profiling in
oesophageal squamous cell carcinoma.

3.2.3 Localisation of FAM134B in ESCC

Immunofluorescence study showed that FAM134B protein was localised and expressed
in both cytoplasm and nucleus of ESCC and non-neoplastic squamous epithelial cell line
(Figure 24). It was also found that FAM134B co-localized with cis-Golgi marker protein
giantin in all cell lines. Immunocytochemistry analyses also revealed cytoplasmic and
nuclear expression of the FAM134B protein in the ESCC ESCC and non-neoplastic
squamous epithelial cell lines.

FAM134B

Merged Giantin

HACAT

HKESC 1

KYSE 70

KYSE 510

Figure 24. Localization of FAM134B in ESCC and non-neoplastic squamous epithelial
cell line.
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3.2.4 Expression of FAM134B in ESCC

The expression of FAM134B at protein levels displayed significant changes in the four
ESCC cell lines when compared to the non-neoplastic squamous epithelial cell line
(HACAT) epithelial cells after normalizing with housekeeping gene (Figure 25). It
indicates that alteration of FAM134B protein is a common event in the pathogenesis of
ESCC. The FAM134B protein alteration might be happened due to the other genetic
(Mutation) or epigenetic event (promoter hypermethylation) of this gene.

FAM134B —

GAPDH | cue aae aumme S S

HACAT HKESC1 HKESC4 KYSE 70 KYSE510

Figure 25. Western blot analysis of FAM134B protein (~54 kDa) expression in the
different cell lines.
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Chapter 4

FAM134B mutation detection via molecular
biological methods and its clinical significances in
ESCC

Chapter 4 is included as it appears in Scientific Reports (2016).
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Introduction

Mutations in oncogenes, tumour suppressor genes and mismatch-repair genes
are a clinically relevant DNA biomarkers in cancer. Recent studies have confirmed that
FAM134B is a growth-related gene and it possesses both oncogenic and tumour
suppressor properties in oesophageal and colorectal carcinomas, respectively. Our
previous reports on DNA copy number changes and altered expression levels of
FAM134B gene implying its potential role in the progression of ESCC. It has been
suggested that genetic alteration of FAM134B gene in ESCC might be related with other
genetic events such as mutation and promoter hypermethylation which could be used as
a biomarker for ESCC. Recent studies have reported FAM134B mutations for the first
time in hereditary sensory and autonomic neuropathy type 11B (HSAN I1B) and vascular
dementia. Despite the mutational data of FAM134B in the neurological lesion, till date,
there is no current data available on the mutational significance of FAM134B in human
cancers. Thus, this study aimed to find possible novel FAM134B mutation sites and its

clinical relevance for the first time in human cancers.
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SCIENTIFIC REPQRTS

Identification of Novel FAM134B
(JK1) Mutations in Oesophageal
Squamous Cell Carcinoma
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Accepted: 09June 2016 : Robert Anthony Smith’* & Alfred King-yin Lam™"
Published: 04 July 2016
' Mutation of FAM134B (Family with Sequence Similarity 134, Member B) leading to loss of function of
its encoded Golgi protein and has been reported induce apoptosis in neurological disorders. FAM134B
mutation is still unexplored in cancer. Herein, we studied the DNA copy number variation and novel
mutation sites of FAM134B in a large cohort of freshly collected oesophageal squamous cell carcinoma
(ESCC) tissue samples. In ESCC tissues, 37% (38/102) showed increased FAM134B DNA copies whereas
 35% (36/102) showed loss of FAM134B copies relative to matched non-cancer tissues. Novel mutations
. were detected in exons 4, 5, 7, 9 as well as introns 2, 4-8 of FAM134B via HRM (High-Resolution Melt)
. and Sanger sequencing analysis. Overall, thirty-seven FAM134B mutations were noted in which
most (31/37) mutations were homozygous. FAM134B mutations were detected in all the cases with
metastatic ESCC in the lymph node tested and in 14% (8/57) of the primary ESCC. Genetic alteration of
: FAM134Bis a frequent event in the progression of ESCCs. These findings imply that mutation might be
. the major driving source of FAM134B genetic modulation in ESCCs.

. Oesophageal squamous cell carcinoma (ESCC) is the most common histological subtype of oesophageal carcino-

* mas and it has complex molecular pathology compared to other carcinomas! . Identification of various genetic

. and epigenetic changes including mutations of key regulatory genes have a significant role in predicting the bio-

. logical behaviour of ESCC as well as the prognosis of the patients with ESCC* 1.

: Our previous studies using comparative genomic hybridization analysis revealed that genes in the region of
chromosome 5p play a vital role in the pathogenesis of ESCC'*'>. FAM134B (Family with sequence similarity 134,
member B) also known as JK1is a novel gene placed at chromosome 5p15.1 downstream of d-catenin®. The onco-
genic properties of FAM134B (JK1) were first reported both in ESCC tissues and cell lines, while ESCC tissues
also showed altered FAM134B expression'é. Also, our recent studies have confirmed the growth related properties
of FAM134B by exhibiting multiple tumour suppressor properties of FAM134B (JK1) in colorectal cancer tissues
and cell lines'’~"°.

Recently, other researchers have reported that FAM134B encodes a cis-Golgi transmembrane protein, and its
mutation can regulate cell apoptosis and long-term survival of nociceptive and autonomic ganglion neurons®2°.
Homozygous loss of function mutations in FAM134B was reported for the first time in hereditary sensory and
autonomic neuropathy type IIB (HSAN IIB) and in vascular dementia?*?. In addition, Khaminets et al. have

© most recently noted that FAM134B regulated endoplasmic reticulum turnover by selective autophagy®. To the

. best of our knowledge, at the time of writing, there is no data available on the mutational significance of FAM134B

. in human cancers. Also, the clinicopathological correlation of FAM134B mutation and clinicopathological

: parameters has never been reported in human cancer samples. Thus, the current study aims to detect mutations

* in different exon and intron regions of FAM134B (JK1) in ESCC tissue samples. In addition, the correlations of

: FAM134B (JKI) mutations with various clinicopathological parameters and natural copy number variations in

. ESCCs were analysed.
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Figure 1. FAM134B (JK1) gene amplification in oesophageal squamous cell carcinoma. (a) Amplified

PCR products of FAM134B (JK1) (122bp) and HBD (225bp) in 2% agarose gel. FAM134B (JK1) and HBD
were present in all the samples (2-14) except for the water control (15). Fifty-base pair DNA ladder was used
for comparison. (b) Representative amplified PCR products of exon 1, exon 2, exon 3, exon 4, exon 5, exon 6,
exon 7, exon 8 and exon 9 of FAM134B (JK1) in 1.5% agarose gel. Hundred-base pair DNA ladder was used for
comparison.

Results

Identification of FAM134B (JK1) DNA in ESCC tissues. FAM]I134B (JKI) DNA was identified in all the
studied samples. In these samples, 600-base pairs (bp), 281-bp, 259-bp, 329-bp, 282-bp, 346-bp, 256-bp, 314-bp
and 106-bp fragments were amplified for exon 1, exon 2, exon 3, exon 4, exon 5, exon 6, exon 7, exon 8 and exon
9 of FAM134B (JK1) respectively. Also, a 225-bp fragment was amplified for the control gene, haemoglobin delta
(HBD) (Fig. 1a,b).

FAM134B (JK1) copy number variations. In ESCC (n=102), 37% (n=38) showed increased FAM134B
(JKI) copies whereas 35% (n = 36) showed a loss of FAM134B (JK1) copies relative to matched non-cancer tissue.
Meanwhile, the remaining 22% (n = 28) did not show any change in copies. In ESCCs with lymph node metastasis
(n=64), 66% (n=42) showed high FAM134B (JK1) copies whereas 34% (n=22) revealed deletion (p =0.80).
The DNA copy number of FAM134B (JK1) in cancer showed no statistical correlations with the grades and patho-
logical stages of ESCC or with the gender and the age of the patient (p > 0.05) (Table 1).

Mutation screening using high-resolution Melt (HRM) curve and Sanger sequencing. FAMI134B
(JK1) mutations showed no correlation with other clinical and pathological features of ESCC including gender,
age of the patient as well as the sites, histological grades and pathological stages of carcinoma (p > 0.05) (Table 2).
Also, mutations did not show any correlation with the DNA copy number of FAM134B (JKI) (Tables 3 and 4).

Overall, 37 FAM134B (JK1) mutations were found in ESCC (Tables 3 and 4). Of these, 36 FAM134B (JK1)
mutations were noted in metastatic ESCC in lymph node and 16 mutations were detected in primary cancer. Of
these 37 mutations, 6 were heterozygous mutations and 31 were homozygous mutations. On the other hand, only
14% (8/57) of the primary carcinoma harboured mutations of FAM134B (JKI). Mutations were noted in both
the primary cancer and the lymph node metastasis with ESCC in 2 cases. In these 2 cases (cases 43 and 50), the
mutations noted were identical. Also, of the 37 FAM134B (JK1) mutations, 11 mutations result in alteration of the
amino acid sequences in FAM134B (JK1I) protein while 26 mutations were synonymous.

Among the 9 exons of FAM134B (JK1) examined, mutations were detected in exons 4, 5, 7 and 9 as well as
introns 2, 4, 5, 6, 7 and 8 for FAM134B (JK1) in ESCC (Figs 2 and 3). In exon 9 of FAM134B (JK1), thirteen sub-
stitution and one frameshift (deletion) mutations were documented in ESCCs. The most common substitution
variants in exon 9 are c. 1129T > C, ¢. 1107G > C, c. 1112T > C which alters the codons and subsequently amino
acids - TCA > CCA (p. Ser348Pro), GAG > GAC (p. Glu340Asp) and GTT > GCT (p. Val342Ala) respectively.
One frameshift (deletion) FAM134B (JKI) mutation, c. 1137delT, which alters the codon TTT > TTC resulting in
no change in amino acid, but altered amino acids following the frameshift (p. Phe379fs) was noted in ESCC. For
exon 4 of FAM134B (JK1), two mutations, c. 546-547CT > GG and c. 660G > A, were detected in ESCC tissues
(Table 3). The mutation in c. 546-547CT > GG change the codons in amino acids - AGC > AGG (p. Ser153Arg)
and TGG > GGG (p. Trp154Gly). Meanwhile the mutation in c. 660G > A change the codons in amino acids-
GAA > AAA (p. Glul63Lys). Furthermore, four polymorphisms were in identified intron 4 FAM134B (JK1) in
ESCC.

Mutations in other exons and introns of FAM134B (JK1) were less common in ESCC. There was no mutation
noted in exon 8 of FAM134B (JK1) in ESCC. However, two types of variants, c961-33delA and c1087 + 97C > A,
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