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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 ΔΔCt 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 



       Screening clinically relevant biomarkers in cancer                                        

 Md. Hakimul Haque (s2864831)                           3                                   School of Medicine  

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)6]
3-/4- 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(NH3)6]
3+ molecules in the surface-attached DNAs 

by chronocoulometry as redox charge of the [Ru(NH3)6]
3+ 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)/H2O2 

which generated a blue-colored complex  in the presence of HRP-conjugated 
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methylated DNA (colorimetric). As TMB(ox) 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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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 IIB (HSAN IIB) 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 

Chapter 1 
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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 

(a) 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. 
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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(NH3)6]
3+ 

molecules in the surface-attached DNAs by chronocoulometry as redox charge of the 

[Ru(NH3)6]
3+ 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)/H2O2 which generated a 

blue-colored complex  in presence of HRP-conjugated methylated DNA (colorimetric). 

As TMB(ox) 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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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).  

 

 

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. 
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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, 

ß-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).  

 

 

 

 

 

 

 

 

 

 

 

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.  

 

 

Figure 2. Established risk factors in the etiology of ESCC, Liyanage et al., 2013. 
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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 GSTM1 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 

et al., 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 keratin1, 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).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transforming growth factor-α (TGF-α) binds to EGFR which activates the signalling 

pathway for cell proliferation, differentiation and development. Altered expression of 

TGF-α 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-β 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). 

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-α (TGF-α) 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) 
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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 β-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 Akt1 

and Mdm2 may be linked to oesophageal carcinogenesis (Takahashi et al., 2009). Akt1 

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 10q24.1.  It has been suggested that FRAT1 gene 

promoted carcinogenesis through activation of the WNT-β-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 FRAT1 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 β-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 (p16-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 Arg175, 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). 

p16 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 ING1 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 

Chapter 2 

 



       Screening clinically relevant biomarkers in cancer                                        

  Md. Hakimul Haque (s2864831)                           39                                   School of Medicine  

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 (UPK1A) 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 β-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 

2q11.1. 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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Table 1  

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

 

Gene Chromosome Alternative Names Function Mechanism 

hst-1 11q13 bFGF, HSTF1, Fibroblast growth factor gene Growth factor Amplification 

int-2 11q13 Heparin-binding growth factor gene Growth factor Amplification 

TGF-α  Transforming growth factor-α Growth factor Amplification 

PDGFa 7p22 Platelet-derived growth factor a Growth factor Over expression 

PDGFb 22q13 c-sis, Platelet-derived growth factor b Growth factor Over expression 
HGF  Hepatocyte growth factor Growth factor Over expression 

EXP1  11q13    

VEGF 6p12 Vascular endothelial growth factor Endothelial cell growth factor Over expression 

c-erbB1 7p12-13 HER-1, Epidermal growth factor receptor 

(EGFR) 

Growth factor receptor, signal transduction 

(membrane tyr kinase) 

Amplification, 

Over expression 

c-erbB2 17q21 HER-2, NGL, neu, EGFR2, p185, p185neu, 

ERBB2 

Growth factor receptor Amplification, 

Over expression 

c-myc 8q24  transcription factor Amplification, 

Over expression 

Cyclin D1 

 

11q13 bcl-1, PRAD1, EXP2, CCND1 Promotes transition from G1 to S phase, cell cycle 

control 

Amplification, 

Over expression 

Mdm2 12q13-14 Murine double minute 2  Amplification 

FRAT1 10q24  activation of the WNT-beta-catenin-TCF signalling 

pathway 

Over expression 

p53 17p13  Tumor suppressor, G1 arrest, apoptosis, genetic 

stability 

Mutation, LOH, 

Over expression 

p73 1p36.3  apoptosis Over expression 

p21 6p21 WAF1, CIP1, CAP20, PIC1, SDI1 Tumor suppressor Over expression 

p16 9p21 MTS1, CDK4I, INK4a, CDKN2, CDKN2A Tumor suppressor, CDK inhibitor (cell cycle 

control) 

Mutation, LOH, 

Hpermethylation 

p15 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 

sequestering) 

LOH, Mutation 

DCC 18q21 Deleted in colorectal cancer gene, CRC18; 

CRCR1; IGDCC1 

Cellular adhesion LOH 

MCC 5q21 Mutated in colorectal cancer gene Tumor suppressor LOH 

APC 5q21 FAP ( familial adenomatous polypis coli) gene Tumor suppressor LOH 

BRCA1 17q21  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  13q33-34  ING1 to ING5,   cell cycle control and apoptosis Over expression 

UPK1A 19q13.13  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 16q23.3–24.1 WW domain containing oxireductase Tumor suppressor Mutation, LOH 

Annexin1  lipocortin 1, ANX-I, p35 Tumor suppressor  Under expression 

β-TM   Tropomyosins, (TM1) Tumor suppressor Down regulation 

FAS  TNFSF6, CD95, or APO-1 Apoptotic signal receptor Under expression 

nm23 17q21 NME1, NME2 Act inside the cell in a regulatory pathway Under expression 

bcl-2 18q21  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 

type IV collagen. 

Over expression 

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 

β-Catenin 3p21 CTNNB1 Cellular adhesion, gene transcription Low expression 

E-cadherin 16q22 CDH1 Cellular adhesion Low or Un 

expression 

DPC4 18q21  TGF- β  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 16q23.3-24 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.  

Annexin1 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 18q21.1 

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 

Chapter 2 

 



       Screening clinically relevant biomarkers in cancer                                        

  Md. Hakimul Haque (s2864831)                           42                                   School of Medicine  

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 

et al., 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 β 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 

p16, 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 et al., 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 I (metaplasia) stage showed a 60% 

telomerase activity and Grades II (dysplasia) and III (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 (Bergqvist 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). Ikeguchi 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 (Ikeguchi 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 (cIAP1, cIAP2, 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, β-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 β–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 β-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 I 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).   
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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 

et al., 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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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 β/ˠ catenin, 

which in turn is linked with the actin cytoskeleton via a catenin. Integrins are 

heterodimers consisting of α and β 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 Ig-like domains. Selectins possess an 

N-terminal lectin domain that binds fucosylated and sialylated carbohydrates. 

NCAM, neural cell adhesion molecule. 
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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 (c5) 

position of cytosine bases that are located 5ʹ 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). RARβ2 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 UCHL1 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 (ncRNAs) 

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 RNAs (ii) medium-
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size ncRNAs with size of 30-200 nts and (iii) long ncRNAs (lncRNAs) 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 δ-

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 (CTNND2; 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). 

 

 

 

 

 

 

 

 

 

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 6. The upper image shows the position of JK1 (FAM134B) gene in relation 

to delta-catenin. The image below it illustrates the gene’s location in relation to the 

chromosome 5. 
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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 II (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).  

Figure 7. Expression of the FAM134B gene family, Kurth et al., 2009 
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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, 

SSEA1 (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.Gln145X), in an 

in a UK cohort patient with HSAN II (Davidson et al., 2012). Another study also found 

FAM134B mutation in the patients of HSAN II with spasticity (Ilgaz 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 mRNA 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 diphosphohydrolase1 (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). 

 

 

 

 

 

 

 

 

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 mRNA 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).  
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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 

 

 

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  
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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). 

  

 

 

 

 

 

 

 

 

 

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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Figure 10. JK1 protein staining on immunohistochemistry 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 
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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). 

 

 

 

 

 

 

 

 

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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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. 
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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; 

Li et al., 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 C0 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 -1/2 

2/12/1

2/1

00

t

DnFAC
it


 … … … (1) 

Here, n = stoichiometric number of electrons involved in the reaction; F = Faraday’s 

constant (96,485 C/equivalent), A = electrode area (cm2), C0 = concentration of analytes 

(mol/cm3), and D0 = diffusion coefficient (cm2/s). 
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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 13 Schematic presentation of Chronoamperometry, Bard 

and Faulkner, 1980. 
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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 

 

 

∆𝐸𝑝 =∣ 𝐸pa − 𝐸pc ∣= 2.303
𝑅𝑇

𝑛𝐹
… … … … … … … (2) 

 

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

 

𝐸𝑜 =
𝐸𝑝𝑐 + 𝐸𝑝𝑎

2
… … … … … … … … … … … … … … (3) 

 

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

electron transfer is given by the Randles-Sevcik equation, 

 𝑖𝑝 = (2.69x105) 𝑛
3
2 A D

1
2   Ci 𝑣

1
2 … … … … … … . . (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; Lovrić 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 14. A typical cyclic voltammogram recorded for a reversible one electron 

transfer reaction. 
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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 

(f), 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.  

 

 

 

 

 

 

 

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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Figure 15. Schematic diagram of a potential wave form for normal pulse 

voltammetry, Bard and Faulkner, 1980. 

Figure 16.  (A) A typical potential waveform, (B) one potential cycle, and (C) a 

typical voltammogram in SWV, Bard and Faulkner, 1980. 
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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;  

 2/12/12/1

2/1

2/1

00 )(
2

tt
DnFAC

Qr  


… …. …. (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. 

 

 

 

 

 

 

 

 

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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Figure 17. A typical potential wave form and charge-time response for a double-

potential step for chronocoulometry, Bard and Faulkner, 1980. 
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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).  

 

 

 

 

 

 

 

 

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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Figure 18. The relative affinities of DNA nucleobases towards gold surface follow the 

trend A> C> G> T. 
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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.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ssDNA- 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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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]3- ions and negatively charged adenine or guanine 

enriched DNA strands, a detectable amount of Faradaic current is produced. Sina et 

al. 2014b. 
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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)6]
3-. 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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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)5Cl2+ (purple) and [Fe(CN)6]
4-(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.  

 

 

 

 

Figure 20. A typical representation of biosensor based on DNA duplexes (cyan and 

white) immobilized on a gold surface, Kelley et al. 1999 
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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 quantification 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 yet 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, II, III and IV) 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 (MEMα growth medium, Gibco) supplemented with 10% fetal 
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bovine serum (FBS, Gibco), 100 µg/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 µg/ml 

penicillin (Gibco) and 100 unit/ml streptomycin (Gibco), respectively. The ESCC and 

HACAT cell lines are cultivated in a 37OC 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 -80OC 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 

-80OC 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 10µm 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/µl. RNA was used for cDNA conversion and DNA was 

stored at -20OC until assayed. 

 

3.1.4 cDNA conversion 

Reverse transcription reactions were performed using 1 μg total RNA in a final 

reaction volume of 20 μl. 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 μg of total RNA and Master Mix 

were incubated for 60 minutes at 37ºC and then heated up for 5 min at 95ºC. Each cDNA 

sample was diluted to 30 ng/μl for providing uniformly concentrated samples for RNA 

qRT-PCR. Samples were stored at -20ºC.  
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3.1.5 Primer design for qRT-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 ΔG, 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 mRNA 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 µl reaction mixture comprising 5 µl of 

2XSensiMix SYBR No-ROX master mix (Bioline, London, UK), 1 µl of each10 

picomole/ µl primer, 1 µl of cDNA/ genomic DNA at 30 ng/µl and 2 µl 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 ΔΔCt 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 (ΔCt) values were calculated by the following 

equations: ΔCt = 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-ΔΔCt method: ΔΔCt= (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 105 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 4ºC. They were incubated with secondary antibody (1:1000; antirabbit IgG-poly-

horseradish peroxidase) in 5% BSA for one hour at 37ºC. 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/cm2 and incubated at 37OC 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 4ºC 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 A1Rþ, 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 µg 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 

4O 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.    

 

 

 

 

 

 

 

 

 

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 21. FAM134B mRNA was expressed in all selected ESCC tissue  (2-9) 

except for the water control (5,9)  in 2% agarose gel.  

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. 

 

   

 

 

 

 

                                                                                               

 

  

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. 
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Figure 24. Localization of FAM134B in ESCC and non-neoplastic squamous epithelial 

cell line. 
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 Figure 23. FAM134B mRNA expression profiling in 

oesophageal squamous cell carcinoma.  
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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. 
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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 IIB (HSAN IIB) 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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Identification of Novel FAM134B 
(JK1) Mutations in Oesophageal 
Squamous Cell Carcinoma
Md. Hakimul Haque1,*, Vinod Gopalan1,*, Kwok-wah Chan2, Muhammad J. A. Shiddiky3, 
Robert Anthony Smith1,4 & Alfred King-yin Lam1,*

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 
FAM134B is 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 carcinomas1–3. 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 ESCC4–13.

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 ESCC14,15. FAM134B (Family with sequence similarity 134, 
member B) also known as JK1is a novel gene placed at chromosome 5p15.1 downstream of δ -catenin16. The onco-
genic properties of FAM134B (JK1) were first reported both in ESCC tissues and cell lines, while ESCC tissues 
also showed altered FAM134B expression16. 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 lines17–19.

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 neurons20–25. 
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 dementia20,24. In addition, Khaminets et al. have 
most recently noted that FAM134B regulated endoplasmic reticulum turnover by selective autophagy25. 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 (JK1) mutations with various clinicopathological parameters and natural copy number variations in 
ESCCs were analysed.
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Results
Identification of FAM134B (JK1) DNA in ESCC tissues. FAM134B (JK1) 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 
(JK1) 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. FAM134B 
(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 (JK1) (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 (JK1). 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 (JK1) 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, 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 (JK1) 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. Glu163Lys). 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, 

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.
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were detected in intron 8. Also, one silent mutation (c. 816C >  T) and a mutation (c. 873 +  23T >  C) were 
noted for exon 7 and intron 7 of FAM134B (JK1) in ESCC respectively. In addition, two synonymous variants  
(c. 319G >  A and c. 352C >  T) were noted in exon 5 of FAM134B in ESCC. Lastly, five polymorphisms were 
detected in intron 2 of FAM134B (with the most frequent variant being c. 408-27delA).

Discussion
Chromosomal copy number changes can indicate activation of oncogenes and inactivation of tumour suppressor 
genes in human cancers26. In our previous studies, FAM134B (JK1) copy number alterations were found as a fre-
quent event in colorectal adenoma and adenocarcinoma19. The current study is the first to investigate FAM134B 
(JK1) copy number changes in a large cohort of ESCC. Approximately one third of cancers studied revealed 
amplification and one third revealed deletion of FAM134B in ESCC. This altered DNA copy number changes of 
FAM134B indicate its varied modulation potential in different ESCC patients.

This current study is the first systematic study to investigate mutation sites in FAM134B (JK1) gene in ESCC. 
Until now, five homozygous mutations of FAM134B (JK1) were detected in neurological diseases. They are three 
nonsense mutations, one frame-shift mutation, and one is a splice-site mutation20–23. These mutations were 
located in exon 1 and intron 7 of the gene. In addition, there were 2 heterozygous mutations reported in exon 1. In 
ESCC, we have noted 37 distinct mutations of FAM134B (JK1). Thirty-one are homozygous mutations and 6 were 
heterozygous mutations. These mutations were found in exons 4, 5, 7, 9 and introns 2, 4, 5, 6, 7 and 8 of FAM134B 
(JK1). None of these mutation sites are identical to those noted reported in the neurological diseases. Thus, the 
mutations related to the pathogenesis of ESCC appear to be are unique. The roles of FAM134B (JK1) mutations in 
the pathogenesis of the cancer should therefore be different from their roles in neurological diseases. The mech-
anisms and presence of any downstream effects of the FAM134B (JK1) mutations need to be further investigated 
in ESCC to confirm their significance.

Of the 37 novel mutation sites in FAM134B (JK1) detected in ESCC, 11 mutations changed the amino acid of 
the resulting protein while 26 mutation sites do not alter the amino acid composition of the protein. The most 
common mutations are present in exon 9. Amongst the 11 mutations that changed the amino acid structure of JK1 
are three relatively common variants in exon 9 (c. 1129T >  C, c. 1107G >  C, c. 1112T >  C). Of these, c. 1129T >  C, 

Characteristics
Number of 

Patients

DNA copy

P valueAmplification Deletion No change

Age

 < 60 years 34(33.3%) 15(44.1%) 7(20.6%) 12(35.3%) 0.07

 > 60 68(66.7%) 23(33.8%) 29(42.6%) 16(23.5%)

Gender

 Male 84(82.4%) 32(38.1%) 28(33.3%) 24(28.6%) 0.66

 Female 18(17.6%) 6(33.3%) 8(44.4%) 4(22.2%)

Histological Grade

 Well 22(21.6%) 10(45.5%) 6(27.3%) 6(27.3%) 0.61

 Moderate 59(57.8%) 23(39.0%) 21(35.6%) 15(25.4%)

 Poor 21(20.6%) 5(23.8%) 9(42.9%) 7(33.3%)

Site

 Upper 12(11.8%) 5(41.7%) 6(50.0%) 1(8.3%) 0.12

 Middle 55(53.9%) 23(41.8%) 14(25.5%) 18(32.7%)

 Lower 35(34.3%) 10(28.6%) 16(45.7%) 9(25.7%)

T Stage

 1 6(5.9%) 2(33.3%) 2(33.3%) 2(33.3%) 0.85

 2 11(10.8%) 5(45.5%) 5(45.5%) 1(9.1%)

 3 64(62.7%) 23(35.9%) 22(34.4%) 19(29.7%)

 4 21(20.6%) 8(38.1%) 7(33.3%) 6(28.6%)

Lymph node Metastasis

 Negative 38(37.3%) 11(28.9%) 14(36.8%) 13(34.2%) 0.33

 Positive 64(62.7%) 27(42.2%) 22(34.4%) 15(23.4%)

Distant metastasis

 Negative 97(95.1%) 35(36.1%) 35(36.1%) 27(27.8%) 0.55

 Positive 5(4.9%) 3(60.0%) 1(20.0%) 1(20.0%)

TNM Stage

 Stage I 6(5.9%) 4(66.7%) 0(0.0%) 2(33.3%) 0.22

 Stage II 26(25.5%) 7(26.9%) 12(46.2%) 7(26.9%)

 Stage III 65(63.7%) 24(36.9%) 23(35.4%) 18(27.7%)

 Stage IV 5(4.9%) 3(60.0%) 1(20.0%) 1(20.0%)

Table 1.  Clinicopathological features of ESCC and JK1 (FAM134B) copy number variation.
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is predicted by in silico methods as being of minimal effect due to lack of conservation of this amino acid in other 
species while the other two have potentially higher functional significance due to their predicted ability to also 
cause splice site modification in the protein. In addition, in exon 9 of FAM134B (JK1), one frame-shift (deletion) 
mutation, c. 1137delT, is likely to have increased functional significance as it radically alters and can truncate the 
protein as well as potentially changing exon splicing of the RNA. The other important mutation that lead to an 
amino acid change was noted in exon 4 resulting in an exon change GAA >  AAA (protein change-p.Glu163Lys). 
The novel mutations detected in this study that alters the amino acid structure of FAM134B (JK1) have potential 
to affect the function of FAM134B (JK1).

In the current study, FAM134B (JK1) mutations were noted predominately in metastatic ESCCs present in 
lymph nodes, implying that they have a role in the pathogenesis of lymph node metastases in ESCC. Mutation in 
the majority of metastatic lymph node tissues compared to primary tumours (Table 3) indicates that FAM134B 
(JK1) mutation may offer a survival advantage in different tumour microenvironments, or assist in colonisation 
of those particular microenvironments. Differing FAM134B (JK1) sequences imply that, the molecular interac-
tions and characteristics would differ between primary and metastatic tumours. Furthermore, the classical model 
for metastatic processes suggests that the majority of the cancer cells in the primary tumour have low metastatic 
potential and only a few cells acquire enough somatic mutations to become metastatic27. Thus, the absence of 
FAM134 (JK1) mutation in the bulk of primary ESCC tissues in this study might be due to the harvesting of can-
cer cells with fewer somatic mutations. Hence, it can be hypothesised that FAM134B (JK1) might act as a poten-
tial target for predicting lymph node metastasis in ESCC patients. Further research with a larger series of ESCC 
patients with matched metastatic tissues and potentially functional studies on particular mutations are needed to 
confirm the metastatic potential of FAM134B (JK1).

In conclusion, we identified for the first time the mutation of FAM134B (JK1) in ESCC tissue samples. The 
altered expression patterns and copy number variations of FAM134B in ESCCs might be modulated by these 
mutation changes in FAM134B. In this study, FAM134B mutations were frequently observed in metastatic 
lymph node tissues indicating its use as a potential predictor for metastasis in ESCCs. Multiple different genetic 

Characteristics
Number of 

patients
Mutation 

cases

No 
mutation 

cases p value

Age

 < 60 year 20 11 9 0.17

 > 60 year 37 13 24

Gender

 Male 50 19 31 0.12

 Female 7 5 2

Site

 Upper 5 2 3 0.44

 Middle 40 15 25

 Lower 12 7 5

Grade

 Well 20 7 13 0.58

 Moderate 28 12 16

 Poor 9 5 4

T Stage

 1 1 0 1 0.62

 2 6 3 3

 3 38 17 21

 4 12 4 8

Lymph node Metastasis

 Negative 20 7 13 0.58

 Positive 37 17 20

Distant metastasis

 Negative 54 22 32 0.57

 Positive 3 2 1

TNM Stage

 Stage I 1 1 0 0.55

 Stage II 14 5 9

 Stage III 39 17 22

 Stage IV 3 2 1

Table 2.  Clinicopathological features and JK1 (FAM134B) mutations in oesophageal squamous cell 
carcinoma.

Screening clinically relevant biomarkers in cancer
Chapter 4

Md. Hakimul Haque
Typewritten Text
Md.  Hakimul (s2864831)                         106                              School of Medicine



www.nature.com/scientificreports/

5Scientific RepoRts | 6:29173 | DOI: 10.1038/srep29173

Exons
Sample 
Code

Primary 
cancer with 
mutation

Lymph node 
metastasis 
with mutation

FAM134B DNA copy 
number change

DNA change
Type of 
mutation Codon change Protein change Comments

Primary 
cancer

Lymph node 
metastasis

 Exon 9 

41 No Yes N N c. 1128T >  A Substitution CTT >  CTA p.Leu347Leu Potentially functional due 
to splice site modification

30 No Yes D D c. 1107G >  C c. 1129T >  C Substitution GAG >  GAC 
TCA >  CCA

p.Glu340Asp 
p.Ser348Pro

pGlu340Asp - Likely 
functional significance 
pSer348Pro - 
Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species

14 Yes No A A c. 1149A >  G Substitution GAA >  GAG p.Glu354Glu
Likely functional 
significance (also affects 
splice sites)

19 No Yes D A c. 1112T >  C c. 1129T >  C Substitution GTT >  GCT 
TCA >  CCA

p.Val342Ala 
p.Ser348Pro

pVal342Ala - Likely 
functional significance 
(also affects splice 
sites) pSer348Pro - 
Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species

3 Yes No D D c. 1112T >  C c. 1149A >  G c. 
1152T >  G c. 1153G >  C  Substitution

GTT >  GCT 
GAA >  GAG 
AAT >  AAG 
GGC >  CGC

p.Val342Ala 
p.Glu354Glu 
p.Asn355Lys 
p.Gly356Arg

pVal342Ala - Likely 
functional significance 
(also affects splice sites) 
pGlu354Glu - Likely 
functional significance 
(also affects splice sites) 
pAsn355Lys - Likely 
functional significance 
pGly356Arg - Likely 
functional significance 
(also affects splice sites)

35 Yes No A –
c. 1092T >  G c. 1093G >  C c. 
1097GA >  AC c. 1107G >  T 
c. 1129T >  C

 Substitution 

CTT >  CTG 
GAC >  CAC 
CGA >  CAC 
GAG >  GAC 
TCA >  CCA

p.Leu335Leu 
p.Asp336His 
p.Arg337His 
p.Glu340Asp 
p.Ser348Pro

pLeu335Leu - Likely 
functional significance 
(also affects splice sites) 
pAsp336His- Likely 
functional significance 
(also affects splice sites) 
pArg337His - Likely 
functional significance 
(also affects splice 
sites) pGlu340Asp 
- Likely functional 
significance pSer348Pro 
- Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species

43 Yes Yes A N c. 1112T >  C c. 1129T >  C c. 
1092T >  G c. 1093G >  C Substitution

GTT >  GCT 
TCA >  CCA 
CTT >  CTG 
GAC >  CAC

p.Val342Ala 
p.Ser348Pro 
p.Leu335Leu 
p.Asp336His

pVal342Ala - Likely 
functional significance 
(also affects splice 
sites) pSer348Pro - 
Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species pLeu335Leu 
- Likely functional 
significance (also affects 
splice sites) pAsp336His- 
Likely functional 
significance (also affects 
splice sites)

47 Yes No D – c. 1107G >  C c. 1129T >  C Substitution GAG >  GAC 
TCA >  CCA

p.Glu340Asp 
p.Ser348Pro

pGlu340Asp - Likely 
functional significance 
pSer348Pro - 
Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species

50 Yes Yes D A c. 1107G >  T c. 1129T >  C c. 
1164A >  G  Substitution 

GAG >  GAC 
TCA >  CCA 
ACA >  ACG

p.Glu340Asp 
p.Ser348Pro 
p.Thr360Thr

pGlu340Asp - Likely 
functional significance 
pSer348Pro - 
Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species pThr360Thr 
-Likely functional 
significance (also affects 
splice sites)

Continued
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alterations incorporating mutations in coding sequences of FAM134B were observed and each might entail either 
alterations to expression or functional changes of this gene that could play a fundamental role in the progression 
of ESCCs.

Methods
Recruitment of tissue samples and clinicopathological data. Matched tumour samples and 
non-cancer tissue (near the surgical resection margin) from the same patient who underwent resection of ESCC 
were prospectively collected, snapped frozen in liquid nitrogen and stored in minus 80 °C by the author (AKL). 
Informed consent was obtained from all subjects. In addition, in each case, macroscopically enlarged lymph 
nodes suspicious for lymph node metastasis were also sampled, snap frozen and stored. After the collection, 
additional tissues blocks were taken, fixed in formalin and embedded in paraffin for pathological examination. 
Sections were then cut from these blocks and haematoxylin and eosin stained. They were studied by the author 
(AKL). The ESCCs were graded according to the World Health Organization (WHO) criteria27. The carcinomas 

Exons
Sample 
Code

Primary 
cancer with 
mutation

Lymph node 
metastasis 
with mutation

FAM134B DNA copy 
number change

DNA change
Type of 
mutation Codon change Protein change Comments

Primary 
cancer

Lymph node 
metastasis

51 Yes No N – c. 1112T >  C c. 1129T >  C Substitution GTT >  GCT 
TCA >  CCA

p.Val342Ala 
p.Ser348Pro

pVal342Ala - Likely 
functional significance 
(also affects splice 
sites) pSer348Pro - 
Probably lesser effect/
polymorphism due to 
lack of conservation in 
other species 

34 Yes No A – c. 1137delT Deletion TTT >  TTC p.Phe350Phe

pPhe350Phe- Likely 
functional significance 
(frameshift mutation, 
truncates protein, may 
change splicing)

 Exon 7

39 No Yes A N c. 816C >  T or c. 903C >  T Substitution GAT >  GAC p.Asp272Asp
pAsp272Asp-Likely 
functional significance 
(also affects splice sites)

19 No Yes D A c. 816C >  T or c. 903C >  T Substitution GAT >  GAC p.Asp272Asp
pAsp272Asp -Likely 
functional significance 
(also affects splice sites)

 Exon 5 

14 Yes No A A c. 711G >  Ac. 744C >  T Substitution 
Substitution

ACG >  ACA 
CTC >  CTT

p.Thr208Thr 
p.Leu219Leu

Has no functional 
significance Has no 
functional significance

6 No Yes A A c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

12 No Yes N N c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

41 No Yes N N c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

20 No Yes N N c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

11 No Yes A N c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

3 Yes No D D c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

15 No Yes D N c. 711G >  A Substitution ACG >  ACA p.Thr208Thr Has no functional 
significance

 Exon 4

6 No Yes A A c. 546–547CT >  GG c. 
660G >  A

Substitution 
Substitution

AGC >  AGG 
and 
TGG >  GGG 
GAA >  AAA

p.Ser153Arg 
p.Trp154Gly 
p.Glu163Lys

pSer153Arg and 
pTrp154Gly-Likely 
functional significance. 
(also affects splice sites) 
pGlu163Lys-Likely 
functional significance 
(also affects splice sites).

38 No Yes N D c. 660G >  A Substitution GAA >  AAA p.Glu163Lys
pGlu163Lys-Likely 
functional significance 
(also affects splice sites).

30 No Yes D D c. 660G >  A Substitution GAA >  AAA p.Glu163Lys
pGlu163Lys-Likely 
functional significance 
(also affects splice sites).

43 No Yes A N c. 660G >  A Substitution GAA >  AAA p.Glu163Lys
pGlu163Lys-Likely 
functional significance 
(also affects splice sites).

59 No Yes N D c. 660G >  A Substitution GAA >  AAA p.Glu163Lys
pGlu163Lys-Likely 
functional significance 
(also affects splice sites).

19 No Yes D A c. 660G >  A Substitution GAA >  AAA p.Glu163Lys
pGlu163Lys-Likely 
functional significance 
(also affects splice sites).

Table 3.  Mutations detected in different exons of FAM134B (JK1) in ESCC.
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were staged as per the TNM (tumour, lymph node and metastases) classification adopted in the American Joint 
Committee on Cancer28. Overall, tissues from 102 patients with ESCC were recruited. Eighteen patients had 
lymph nodes with metastatic ESCC sampled. For each patient, clinical and pathological parameters including 
gender and age of patients as well as the sites, grades, pathological stages of the ESCC were recorded.

Genomic DNA extraction. Ethical approval was obtained for the use of these samples (GU Ref No: 
MED/19/08/HREC) by the Griffith University human research ethics committee. The methods were carried out 
in accordance with the approved guidelines. .

The selected samples were sectioned using a cryostat (Leica CM 1850 UV, Wetzlar, Germany) and stained by 
haematoxylin and eosin. Light microscopic examination was performed by author, AKL, to confirm the presence 
of non-cancer and cancerous tissues for genomic DNA extraction. Five 10 μ m slices was sectioned from the fro-
zen tissue samples for DNA extraction. DNA was extracted and purified from frozen tissue samples using all prep 
DNA/RNA mini kit (Qiagen, Hilder, Germany), following manufacturer’s instructions. DNA quantification was 
accomplished via Nanodrop Spectrophotometer (BioLab, Ipswich, MA, USA) and purity was measured using 
260/280 ratio. Concentration of DNA was noted in ng/μ l and then stored at − 20 °C until use.

Introns
Sample 
Code

Primary 
cancer

Lymph node 
metastasis

FAM134B DNA copy 
number change

DNA change Type of mutation
Primary 
cancer

Lymph node 
metastasis

Intron 2

39 No Yes A N c. 514 +  144delA c. 
514 +  37 −  38delTT Deletion Deletion

41 No Yes N N c. 408 −  27delA c. 
514 +  37 −  38delTT Deletion Deletion

20 No Yes N N
c. 408 −  27delA c. 
514 +  34T >  A c. 

514 +  37 −  38delTT
Deletion Substitution 

Deletion

73 No Yes A A c. 408 −  27delA Deletion

 Intron 4

16 No Yes N D c. 408 −  27delA c. 
514 +  37 −  38delTT Deletion Deletion

39 No Yes A N c. 546 −  64delA c. 
672 +  46 −  47delTG Deletion Deletion

6 No Yes A A
c. 546 −  64delA 

c. 546 −  56delA c. 
672 +  46 −  47delTG

Deletion Deletion Deletion

38 No Yes N D c. 546 −  56delA c. 
672 +  26delT Deletion Deletion

30 No Yes D D c. 546 −  64delA c. 
546 −  56delA Deletion Deletion

Intron 5

43 No Yes A N c. 546 −  56delA c. 
672 +  26delT Deletion Deletion 

59 No Yes N D
c. 546 −  56delA 

c. 672 +  26delT c. 
672 +  46 −  47delTG

Deletion Deletion Deletion

19 No Yes D A c. 546 −  56delA Deletion

41 No Yes N N c. 673 −  54delC Deletion

11 No Yes A N c. 673 −  54C >  A c. 
757 +  56G >  A Substitution Substitution

3 Yes No D D c. 673 −  65delA Deletion

15 No Yes D N c. 757 +  56G >  A c. 
673 −  52 −  53GA >  AG Substitution Substitution

Intron 6
38 No Yes N D c. 758 −  61 −  62TG >  CTc. 

758 −  71G >  T Substitution Substitution

30 No Yes D D c. 758 −  71G >  T Substitution

 Intron 7 19 No Yes D A c. 873 +  23T >  C or c. 
960 +  23T >  C Substitution

Intron 8

14 Yes No A A c. 1087 +  97C >  A Substitution

6 No Yes A A c. 1087 +  97C >  A Substitution

30 No Yes D D c. 961 −  33delA c. 
1087 +  97C >  A Deletion Substitution

41 No Yes N N c. 961 −  33delA c. 
1087 +  97C >  A Deletion Substitution

31 No Yes A A c. 961 −  33delA c. 
1087 +  97C >  A Deletion Substitution

Table 4.  Mutations detected in different introns of FAM134B (JK1) in ESCC.
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Primer design. Primers specific for determining FAM134B mutation and copy number changes were 
designed based on GenBank accession number for variant 1 NM_001034850 and for variant 2 NM_019000 as well 
as for a control gene, HBD (GenBank accession number NM_000519) using Primer3 version 0.4.0 (http://frodo.
wi.mit.edu/primer3). All primers were analysed for specificity using Primer Blast (http://www.ncbi.nlm.nih.gov/
tools/primer-blast) and Primer Premier program version 5 (Premier Biosoft, Palo Alto, CA, USA) to check for 
primer parameters like GC content, annealing temperature of primer and Δ G (Gibbs free energy change - energy 
required to break the secondary structure) and to forecast any possible mismatching, primer dimmer or hairpin 
formation.

Figure 2. Validation of FAM134B (JK1) different exons sequence variant HRM curve analysis results by 
Sanger sequencing. (a) The presence of variant (GAA >  AAA) in exon 4 of FAM134B (JK1) is demonstrated 
via normalized melting curves and sequencing (mutant versus wildtype). (b) HRM analysis shows the 
polymorphism (GAT >  AAT) in exon 5 of FAM134B (JK1) as evident by normalized melting curves and 
sequencing (mutant versus wide type). (c) The presence of variant (AAT >  AAC) in exon 7 of FAM134B (JK1) 
is confirmed via normalized melting curves and sequencing (mutant versus wide type). (d) The evidence of 
mutant (AAA >  AGA) in exon 9 of FAM134B (JK1) is showed using normalized melting curves and sequencing 
(mutant versus wide type).

http://frodo.wi.mit.edu/primer3
http://frodo.wi.mit.edu/primer3
http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
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Primers for FAM134B (JK1) gene were designed within the intronic regions on either side of the exon of 
interest to ensure coverage of the entire exon 1 to exon 9 to amplify and direct sequencing both isoforms of the 
gene for screening of mutations in ESCC. Primers were also designed for FAM134B (JK1) and control gene - hae-
moglobin delta (HBD) to identify DNA copy number variations in ESCC. The primer pairs were obtained from 
Sigma-Aldrich (St Louis, MO, USA). The list of chosen primer sets are summarized in Table 5.

Real-time quantitative polymerase chain reaction (qPCR). DNA copy number changes of FAM134B 
(JK1) were determined using a rotor Gene Q real-time PCR (RT-PCR) Detection system (Qiagen). RT-PCR was 
achieved in a total volume of 10 μ l comprising 5 μ l of 2XSensiMix SYBR No-ROX master mix (Bioline, London, 
UK), 1 μ l of each 10 picomole/μ l primer, 1 μ l of cDNA/ genomic DNA at 20–50 ng/μ l and 2 μ l of Nuclease-free 
water. PCR cycling programs encompassed initial denaturation and activated the hot start DNA polymerase in 
one cycle of 7 minutes at 95 °C followed by 40 cycles of 10 seconds at 95 °C (denaturation), 30 seconds at 60 °C 
(annealing) and 20 seconds at 72 °C (extension). Melting curve analysis was carried out using 80 cycles of 30 sec-
onds increasing from 55 °C. The melting curves of all final real-time PCR products were analysed for determi-
nation of genuine products and contamination by nonspecific products and primer dimers. All samples were 
also run on 2% agarose gel electrophoresis to ensure that the correct product was amplified in the reaction. To 
increase the reliability of the results, assays were accomplished in multiple replicates and a non-template control 
was included in all the experiment. The results of the quantitative real-time polymerase change reaction were 
analysed using methods published previously29.

Figure 3. Confirmation of FAM134B (JK1) different introns sequence variant HRM curve analysis results 
via Sanger sequencing. (a) HRM curve analysis shows characteristic melting pattern of FAM134B (JK1) 
intron 2 amplicons using normalized melting curves and Sanger sequencing corroborates the mutation as 
being c. 14 +  144delA. (b) The evidence of mutant (GTG >  TTG) in intron 6 of FAM134B (JK1) is shown 
using normalized melting curves and sequencing (mutant versus wild type). (c) HRM analysis shows the 
polymorphism (CAA >  AAA) in intron 8 of FAM134B (JK1) as evident by normalized melting curves and 
sequencing (mutant versus wide type).
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High-Resolution Melt (HRM) curve analysis. Fifty-seven matched cancer and non-cancer tissues 
(including 18 cases with lymph node metastases) were used for HRM analysis. Sections of the lymph nodes 
were confirmed to have lymph nodes metastases by histological examination as above. HRM curve analysis was 
accomplished by amplifying target sequences on the Rotor-Gene Q detection system (Qiagen) using the software 
Rotor-Gene ScreenClust HRM Software. The exon 1, exon 2, exon 3, exon 4, exon 5, exon 6, exon 7, exon 8, exon 
9 of FAM134B (JK1) were PCR amplified in a total reaction volume of 10 μ l comprising 5 μ l of 2Xsensimix HRM 
master mix, 1 μ l of 30 ng/μ l genomic DNA, diethylpyrocarbonate (DEPC, RNase free) treated water 2 μ l and 1 μ l 
of 5 μ mol/L JK-1 primer. The thermal cycling protocol started with one cycle of 98 °C for 4 minutes. Full activation 
of the SensiFAST DNA polymerase occurs within 30 seconds at 95 °C. This was followed by 40 cycles of 98 °C for 
5 seconds. Then, the reaction mix was at annealed at 60 °C for 15 seconds in exon 2, exon 5, exon 6, exon 7, exon 8, 
exon 9; 64.5 °C for 15 seconds for exon 3 and exon 4 and at 72 °C for 15 seconds for exon 1. Each PCR run included 
a negative (no template) control. The melt curve data were generated by increasing the temperature from 65 °C to 
85 °C for all assays, with a temperature increase rate of 0.05 °C/seconds and recording fluorescence at each step. 
All the reactions were done in duplicate to increase the reliability of the results. Each mutant allele had its own 
distinctive melting curve while compared to the wild-type allele. HRM results were interpreted as mutant when 
both replicates showed a variant compared to wild type. In cases of uncategorized samples, one replicate showed 
a variant and the other matched the wild type curve.

Purification of PCR products and Sanger sequencing analysis. All the possible mutations detected 
by HRM analysis were further confirmed by Sanger sequencing. After HRM curve analysis, successful and spe-
cific PCR products showing one melting peak were purified according to the manufacturer’s protocols from the 
NucleoSpin Gel and PCR Clean-up kit (Macherey- Nagel, Bethlehem, PA, USA). The purified PCR products 
were subjected to sequence by corresponding forward and reverse primer using the Big Dye Terminator (BDT) 
chemistry Version 3.1 (Applied Biosystems, Foster City, CA, USA) under standardised cycling PCR conditions 
and analysed by the Australian Genome Research Facility (AGRF) using a 3730xl Capillary sequencer (Applied 
Biosystems). The composition of DNA sequencing reactions was followed according the samples preparation 
guide from AGRF. Sequence analysis was performed with Chromas 2.31 software.

Statistical analysis. Correlations of FAM134B (JK1) copy number change and mutations with clinicopatho-
logical parameters were performed. 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 data base and the statistical anal-
ysis was executed using the Statistical Package for Social Sciences for Windows (version 22.0, IBM SPSS Inc., New 
York, NY, USA). Significance level was taken at p <  0.05.
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Introduction 

A simple, rapid and cost-effective new electrochemical method is described for 

detecting point mutation or SNPs in FAM134B gene using gold-DNA affinity 

interaction phenomenon. Base-dependent affinity interaction (i.e., adsorption) of DNA 

bases follows the affinity trend of DNA bases as adenine (A) > cytosine (C) > guanine 

(G)> thymine (T). The mechanism underlying this adsorption process has been well 

explored in the literature. More recently we have explored this phenomenon in 

distinguishing two sequentially different DNA molecules (i.e., two DNA sequences 

with different methylation patterns). Since mutated and unmutated (wild-type) DNA 

sequences have their distinct ability to interact with gold surfaces as a consequence of 

their different mutation status, the accurate measurement of the adsorbed DNA onto an 

unmodified gold electrode could be helpful in quantifying mutation changes in target 

DNA sequence. In addition, small, inexpensive and portable screen-printed gold 

electrodes were used to quantify gene mutations in DNA samples from cancer patients. 

We believe that our assay could potentially lead a low-cost alternative to conventional 

assays for mutation detection in clinical samples. 
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Electrochemical Detection of FAM134B Mutations in
Oesophageal Cancer Based on DNA-Gold Affinity
Interactions
Md. Hakimul Haque,[a, b, c] Md. Nazmul Islam,[b, c] Farhadul Islam,[a] Vinod Gopalan,*[a] Nam-
Trung Nguyen,[c] Alfred K. Lam,*[a] and Muhammad J. A. Shiddiky*[b, c]

Abstract: Inexpensive, simple and rapid DNA sensors
capable of accurate and sensitive detection of cancer
specific point mutations in DNA biomarkers are crucial
for the routine screening of genetic mutations in cancer.
Conventional approaches based on sequencing, mass
spectroscopy, and fluorescence are highly effective, but
they are tedious, slow and require labels and expensive
equipment. Recent electrochemistry based approaches
mostly rely on conventional DNA biosensing using
recognition and transduction layers, and hence limited by
the complicated steps of sensor fabrication associated with
surface cleaning, self-assembled monolayer formation,
and target hybridization. Herein we report a relatively
simple and inexpensive method 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 inter-

action of DNA with gold. Since the affinity interaction
(adsorption) trend of DNA bases follows as adenine (A)
> cytosine (C) > guanine (G)> thymine (T), two DNA
sequences with different DNA base compositions (i. e.,
amplified mutated sequences will be distinctly different
than its original sequence) will have different adsorption
affinity towards gold. The amount of mutation sites on a
DNA sequence is quantified by monitoring the electro-
chemical current as a function of the relative adsorption
level of DNA samples onto a bare gold electrode. This
method can successfully distinguish single point mutation
in DNA from oesophageal cancer. We demonstrated the
clinical utility of this approach by detecting different
levels of mutations in tissue samples (n=9) taken from
oesophageal cancer patients. Finally, the method was
validated with High Resolution Melt (HRM) curve
analysis and Sanger Sequencing.

Keywords: FAM134B mutation · Electrochemical detection · Gold-DNA base interaction · Oesophageal cancer · Disposable screen-
printed electrode

1 Introduction

Point mutations play critical role in multiple alterations in
gene sequences, protein structure, expression levels and
function of key regulatory genes in human diseases
including cancer [1]. Growing evidence in cancer research
have suggested that point mutations can also be used in
predicting clinical behavior, treatment responses and
prognosis in cancer patients [1, 2]. The FAM134B gene,
one of the best in-silico biomarkers for pluripotent stem
cell [3], acts as an important player in the progression of
oesophageal squamous cell carcinoma (ESCC) [4], color-
ectal cancer [5,6] and neurological diseases [7] via
regulating its expression patterns and regulating apoptosis.
More recently, we have reported that FAM134B gene is
frequently mutated in metastatic lymph node tissues and
is correlated with tumour progression in ESCCs [8].
Therefore, simple, inexpensive, accurate, and sensitive
method for detecting FAM134B gene mutations in ESCC
could be potentially useful in future targeted molecular
therapies in this carcinoma. Over the past several years,
many conventional methods based on sequencing, electro-
phoresis, fluorescence, and mass spectrometry have been
reported for the detection of point mutations or single

nucleotide polymorphisms (SNPs) alleles in DNA sequen-
ces in cancer patients [9–11]. While these approaches are
highly reliable and effective, they are time-consuming and
laborious for the use in a clinical setting. These methods
might pose a potential cost barrier in low-resource setting
due to the need of expensive and sophisticated imaging
equipment. These methods are also limited by the use of
fluorophores, quenchers or colorants interference, hazard-
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ous materials such as radioactive isotopes and ethidium
bromide. Therefore, there is a demand for an alternative
method that can avoid these limitations, and offer conven-
tional methodology - like reliability, accuracy, and sensi-
tivity.

The increasing demand for an alternative detection
method has yielded a number of electrochemical DNA
sensors, which improve the analytical performances via
enhancing the speed, sensitivity, portability and accuracy
of the point mutations [12] and SNPs [13–20] measure-
ments in complex biological samples. For instance, Barton
and co-workers have developed long-range DNA charge
transfer based electrochemical sensors for the quantifica-
tion of point mutations and DNA-base lesions in gene
specific sequences [12–13]. In these methods, a capture
DNA probe was initially confined to the electrode surface
via physical adsorption, self-assembly monolayer forma-
tion or covalent conjugation. A redox-active label that
attached either intercalatively to the hybridized dsDNA
or covalently to the reporter probes, was used to read the
presence or absence of DNA mutations. Other groups
have extended this work to develop several selective and
sensitive electrochemical sensors for mutation analysis in
duplex DNA [16–20]. Despite the excellent analytical
performances in proof-of-concept studies, the applications
for analysis of clinical sample have been still limited. This
is partly due to the multistep fabrication of the sensors
(i. e., the lack of a robust protocol for electrode modifica-
tion). Additionally, most of these methods are limited by
the long analysis time (i. e., typically several hours). This
paper describes an electrochemical assay for the detection
of point mutation in oesophageal cancer patient samples
using the base-dependent affinity interaction of DNA
bases toward gold electrode.

Base-dependent affinity interaction (i. e., adsorption)
of DNA bases on bare gold surface follows the affinity
trend of DNA bases as adenine (A) > cytosine (C) >
guanine (G)> thymine (T). The mechanism underlying
this adsorption process has been well explored in the
literature. Generally, the adsorption of DNA bases to gold
surfaces can be described by the conventional physisorp-
tion mechanism [21–23], where DNA bases adopt a flat
conformation that allow maximum overlapping of elec-
tronic densities. The only exception is adenine, where an
extra chemical bond between the amino group and a gold
atom is formed [21], offering the strongest adsorption
strength between them. More recently Sina et al. have
explored the use of this phenomenon in distinguishing two
sequentially different DNA molecules (i. e., two DNA
sequences with different methylation patterns) [24–26].
Since mutated and unmutated (wild-type) DNA sequen-
ces have their distinct ability to interact with gold surfaces
as a consequence of their different mutation status, the
accurate measurement of the adsorbed DNA onto an
unmodified gold electrode could be helpful in quantifying
mutation changes in target DNA sequence. To date, no
reports exist on the use of the different adsorption affinity

of mutated and unmutated sequences to quantify gene
mutations in DNA samples from cancer patients.

Herein, we report a cost-effective and relatively simple
proof-of-concept electrochemical approach for detecting
point mutation or SNPs in FAM134B gene using gold-
DNA affinity interaction phenomenon. Target DNA
sequences were first extracted from clinical samples and
were then PCR amplified and purified prior to adsorption
on a single-use screen-printed gold electrode. The amount
of adsorbed DNA was detected by monitoring the
Faradaic current generated by the [Fe(CN)6]

3�/4� system
present in the electrolyte solution. We first applied the
method to quantify point mutations or SNPs on synthetic
FAM134B. Also, the results were validated with High
Resolution Melt (HRM) curve Analysis and Sanger
sequencing.

2 Experimental

2.1 Reagents

Unless otherwise stated, all the reagents and chemicals
used in this study are of analytical grade and purchased
from Sigma-Aldrich (Sydney, NSW, Australia). Reagents
and washing solutions used in the experiments were
prepared with phosphate buffer saline (PBS, 10 mM,
pH 7.4). The primers and synthetic DNA samples were
obtained from Integrated DNA technologies (Coralville,
IA, USA). DNA samples were diluted in 5X saline-
sodium citrate (5XSSC) buffer.

2.2 Sample Selection and DNA Extraction

Nine fresh frozen tissue samples from six metastatic
lymph node tissues of ESCC patients and three matched
non-cancer oesophageal tissues (near the surgical section
margin) were selected based on our previous findings on
the detection of FAM134B mutations [8]. Ethical approval
has been acquired for the use of these samples from
human research ethics committee of Griffith University
(GU Ref No: MED/19/08/HREC). Genomic DNA was
extracted from fresh frozen ESCC tissue samples using all
prep DNA/RNA mini kit (Qiagen, Hilder, Germany),
following manufacturer’s instructions. Briefly, the tissue
samples were suspended in lysis buffer to disrupt and
release the nucleic acids and proteins into the solution.
Then, a digestion step was executed to remove the protein
and RNA in the solution using proteinase and RNase
enzymes, respectively. The digested proteins and RNA
were removed by centrifuging the solution in a spin
column. Then the purified DNA was eluted from the
column in 100 mL of elution buffer. DNA quantification
was performed using Nanodrop Spectrophotometer (Bi-
oLab, Ipswich, MA, USA) and purity was checked using
260/280 ratio. Concentration of DNA was noted in ng/mL
and then stored at �20 8C until use.
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2.3 Amplification of Target DNA Sequence

DNA copy number normalization was performed accord-
ing to the procedure of our previous study [8]. To achieve
the amplified amplicons of exon 4 of FAM134B gene,
genomic DNA were amplified in a 10 mL reaction
containing 5 mL of 2XSensiMix SYBR No-ROX master
mix (Bioline, London, UK), 1 mL of each 10 picomole/mL
forward and reverse primer, 1 mL of genomic DNA at 20–
50 ng/mL and 2 mL of nuclease-free water. Thermal cycling
was performed in a rotor Gene Q real-time PCR (Qiagen)
using the following conditions: initial denaturation at
95 8C for 7 min followed by 40 cycles of 95 8C for 10 s
(denaturation), 60 8C for 30 s (annealing), and 72 8C for
20 s (extension). Successful and specific PCR products
were then purified using the manufacturer’s protocols
from the NucleoSpin Gel and PCR Clean-up kit (Macher-
ey-Nagel, Bethlehem, PA, USA). The amplified PCR
amplicon was electrophoresed through 1.5 % agarose gel
(see Figures 2 A). The agarose gel encompassing the
desired PCR amplicon was cut and dissolved in a buffer as
well as centrifuged through a spin column to wash away
impurities. The purified DNA was eluted in 20 mL of
nuclease free water and quantified using a Nanodrop
Spectrophotometer (BioLab, Ipswich, MA, USA) and
then stored at �20 8C until use.

2.4 Electrochemical Detection of Mutation

All electrochemical measurements were performed on a
CH1040C potentiostat (CH Instruments, USA) with the
three-electrode system (gold working and counter electro-
des, silver reference electrode) on each screen-printed
gold electrode. Differential pulse voltammetric (DPV)
experiments were conducted in 10 mM PBS solution
containing 2.5 mM [K3Fe(CN)6] and 2.5 mM [K4Fe(CN)6]
electrolyte solution. DPV signals were obtained with a
potential step of 5 mV, pulse amplitude of 50 mV, pulse
width of 50 ms, and pulse period of 100 ms. For synthetic
DNA samples, 5 mL (diluted in SSC5X buffer to get 50 ng
of DNA) sample was adsorbed on Au-SPE surface. For
clinical samples analysis, 5 mL (diluted in SSC5X buffer to
get 50 ng of DNA) were used for adsorption experiments.
The electrodes were then washed three times with PBS
prior to perform DPV measurements. The relative DPV
current changes (i. e., %IRelative, percent difference of the
DPV signals generated for DNA sample (ISample) with
respect to the baseline current (IBaseline)) due to the
adsorption of DNA samples were then measured by using
Eq. 1.

%IRelative ¼
%IBaseline � %ISample

%IBaseline
� 100 ð1Þ

2.5 Validation of Results Using HRM Curve Analysis and
Sanger Sequencing

To validate the electrochemistry based detection of
FAM134B mutation status, we have used HRM curve
analysis by amplifying target sequences on the Rotor-
Gene Q detection system (Qiagen). The exons 4 of
FAM134B gene was amplified in 10 mL reactions mixture
containing 5 mL of 2Xsensimix HRM master, 1 mL of
30ng/mL genomic DNA, 2 mL nuclease free water and 1
mL of each FAM134B forward and reverse primer. The
thermal cycling protocol was carried out using the
following conditions: Denaturation at 98 8C for 4 minutes
followed by 40 cycles of 98 8C for 5 seconds, 64.5 8C for 15
seconds (annealing) and at 72 8C for 15 seconds (exten-
sions). A negative (no template) control was included in
each PCR run. The melt curve data was generated by
increasing the temperature from 65 8C to 85 8C for all
assays, with temperature increase rate of 0.05 8C/seconds
and recording fluorescence. Each mutant allele had its
own distinctive melting curve while compared to the wild-
type allele. HRM results were interpreted as mutant when
both replicates showed a variant compared to wild type.

Additionally, the accuracy of the electrochemical
analysis was confirmed with our recently reported Sanger
sequencing of FAM134B mutation [8]. Sanger sequencing
was performed and analyzed using a 3730xl Capillary
sequencer (Applied Biosystems) under standardized cy-
cling PCR conditions in the Australian Genome Research
Facility (AGRF, Brisbane).

3 Results and Discussion

3.1 Principle of Mutation Detection Electrochemical
Assay

Scheme 1 illustrates the principle of the method. Briefly,
genomic DNA was extracted from frozen tissue samples
of ESCC. A PCR amplification step was then performed
to achieve the amplified amplicons comprising the exon 4
of FAM134B gene. Subsequently, a purification step of
PCR product was accomplished to obtain purified dsDNA
amplicons. These purified ds-DNA were then directly
adsorbed on the unmodified gold electrode (AU-SPE)
surface. The amount of the adsorbed ds-DNA amplicons
were detected by DPV in the presence of a small redox
active [Fe(CN)6]

3�/4� group. Unlike conventional redox
system (e. g., [Ru(NH3)6]

3+/[Fe(CN)6]
3�), the [Fe(CN)6]

3�/

4� alone can be used to quantify the adsorbed DNA on an
electrode surface.24�30 The use of the adsorbed DNA to
retard the access of the [Fe(CN)6]

3�/4� system to the
electrode surface require a special consideration to
achieve reliably. It needs a partial blocking (i. e., adsorp-
tion) of the electrode (but not too much blocking) so that
the different amount of adsorbed DNA with different
levels of mutation can be discerned. This is because there
is only a finite amount of effective surface and having the
large amount of adsorbed DNA could completely block
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the [Fe(CN)6]
3�/4� redox system from accessing the

electrode surface, resulting undetectable signal difference
between mutated and unmutated DNA samples. Under
the condition of partially blocked surface, [Fe(CN)6]

3�/4�

system has sufficient access to the electrode surface to
generate a detectable current. Since gold-DNA affinity
interactions follows the trend A>C>G>T, the mutated
DNA (e.g., deletion of A) sequence leads to a lower level
of adsorbed DNA on the electrode in comparison to the
nonmutated sequence, providing high Faradaic current
due to the less coulombic repulsion between [Fe(CN)6]

3�

and less amount of negatively charged surface bound-
DNA. Therefore, the level of current generated by the [Fe
(CN)6]

4�/3� system should have a clear correlation with the
mutation level. It is important to note that this direct
adsorption approach will not be affected by the non-
specific adsorption of non-target species. This is because
highly purified PCR product, diluted in high salt-buffer
will be used.

3.2 Synthetic Sample Design and Analysis

FAM134B gene encodes a cis-Golgi transmembrane
protein that controls its expression patterns and regulates
apoptosis in gastrointestinal carcinomas and neurological
diseases [4–8,31,32]. More recently, we have reported 37
mutations in different exons of FAM134B gene and its
significant DNA copy number variations in ESCC tissues

[8]. We have also shown that the exon 4 containing a
length of 329 bases is a frequent mutational hotspot of the
FAM134B gene in metastatic lymph node tissues in ESCC
patients suggesting its potential role in the pathogenesis
and progression of ESCC [8]. In order to execute our
approach, the exon 4 of FAM134B gene was selected as a
target analyte. Therefore, we designed synthetic samples
containing different mutation sites within exon 4 of
FAM134B gene which originally mimicked the PCR-
processed mutated (four samples) and unmutated (control
sample) DNA regions (i. e., SDM-1, A deletion; SDM-2,
AA deletion; SDM-3, AA deletion + CT>GG, and
SDM-4, AA deletion + CT>GG + G>A. For details,
see Table 1 in supporting information). As outlined above,
the analytical functionality of the current method rely on
the partial adsorption of target DNA on the electrode
surface. To get the optimal conditions for achieving the
best analytical performance of the method, we optimized
the experimental parameters, such as amount of the target
DNA and adsorption time using wild type (control DNA)
and mutated DNA (SDM2) samples. As shown in Fig-
ure S1, 60 min and 90 min adsorption times provided
significant difference (Dir, see calculation details in the
caption of Figure S1) between the relative DPV currents
for control DNA and SDM2 samples. We then optimised
the DNA concentration and found that 10 and 20 ng/mL
concentration provided significant difference the relative
DPV current for the two DNA. Although 90 min

Scheme 1. Schematic of Gold-DNA adsorption based mutation detection assay. The adsorption of ds-DNA on Au-SPE repulse [Fe
(CN)6]

3� molecules from accessing electrode surface, providing a significate DPV signal. Inset, typical differential pulse voltammetric
signals showing the nonmutated DNA that produces lower DPV currents in comparison to mutated DNA.
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adsorption time and 20 ng/mL sample concentration
provided slightly higher difference between the relative
DPV current for control DNA and SDM2 samples than
the 60 min time and 10 ng/ mL concentration, we have
selected the later as the optimal conditions (to get
sufficient adsorption at optimal time and concentration).

Under optimized conditions, four known mutated and
their non-mutated matched synthetic samples were exam-
ined [8]. We observed different level of relative current
changes (with respect to the baseline current) for all these

synthetic samples indicating that the relative current
changes is a function of the mutation levels present in the
target sample. In SDM-1 sample containing a single A
deletion, we found approximately 39% relative current
changes in comparison to that of control DNA (i.e., %
IRelative = 39 versus 54 %) (Figure 1B). Two A bases
deletion from the DNA sequence (i. e., in SDM-2 sample)
further reduced the relative current changes to 28 %
compared to SDM-1 sample. This is because the addi-
tional A base deletion resulted a lower level of adsorbed

Fig. 1. (A) Differential pulse voltammetric current
changes with respect to the designated mutation sites.
B). Right, Relative current changes for detecting
FAM134B point mutations for the synthetic sample
containing 1 (A deletion), 2 (AA deletion), 3 (AA
deletion, CT>GG) and 4 (AA deletion, CT>GG, G>
A) mutation sites and control DNA. Each data point
represents the average of three repeat trails, and error
bars represent the standard deviation of measurements
(%RSD= <5.0%; for n =3). Statistical significance
were determined by pairwise comparison between 2
conditions using student t-test. *, p=0.005 to 0.05 and
**, p=0.0005 to 0.005..
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DNA on the electrode surface (i. e., higher DPV current
and hence lower % IRelative). The sample that contains two
A deletion and CT bases substituted by GG bases (SDM-
3 sample), resulted in a 32% relative current reduction. It
implies that the adsorbed DNA on the electrode surface is
slightly higher than that for the SDM-2 case. This differ-
ence could be explained by the fact that GG bases have a
stronger affinity interaction towards gold as compared to
the CT bases (i. e., lower DPV current and hence higher
% IRelative). The SDM-4 sample offers about 35% relative
current changes - again slightly higher than that of the
SDM-3 sample. This could be due to the additional G>A
changes in the sequence. Since A has the strongest
adsorption affinities toward gold, the amount of adsorbed
SDM-4 sample on the electrode surface would be a bit
higher that of the SDM-3 sample, leading to a relatively
lower DPV current (i. e., higher % IRelative). These data
clearly demonstrate that our assay is sensitive to detect
different level of mutation in the target sequence. A
similar level of detection sensitivity was achieved pre-
viously for DNA methylation detection using gold-DNA
affinity interaction [24, 26]. The inter-assay relative
standard deviations (%RSD) was found to be less than
<5.0%, indicating a good assay reproducibility. Impor-
tantly, unlike existing electrochemical or conventional
methods, our method detects the mutation status of DNA
molecules with different mutation landscapes by simply
monitoring their direct adsorption on an unmodified gold
electrode in less than 1.5 h (excludes sample preprocessing
time). This time is much higher than that of the currently
reported chip-based [33] and a portable battery-operated
electrochemical device [34] based assays. However, the
devices and electrodes used in these assays are not
commercially available, and are limited by the surface
functionalizations for mutation detection. In contrast, our
method is based on commercially available screen-printed
electrodes and avoids surface functionalization step.
Furthermore, the analytical performance of our method is
either comparable or much better than many of the
currently reported electrochemical methods for point
mutations [35–46]. For example, our method is much
faster than the recently reported electrochemical detec-
tion of KRAS point mutation in pancreatic cancer samples
[36].

3.3 Clinical Sample Analysis and Validation

To demonstrate the potential clinical applications of our
assay, we challenged our electrochemical assay to DNA
samples extracted from six lymph node with metastatic
ESCC and three matched non-cancer oesophageal tissue
samples. We found an excellent consistency between our
assay and previously reported Sanger sequencing and
HRM curve analysis results on FAM134B mutations in
exon 4 [8]. In our assay, we found about 52% relative
current changes in the non-tumour (control) tissues,
whereas six ESCC tissue samples displayed variable
relative current changes (28-36%) indicating lower ad-

sorption of DNA occurred on the electrode surface
(Figure 2). As can be seen in Figure 2 and Figure S2 in
supporting information, we achieved roughly 36% relative
current changes for P1 sample which might be due to
mutations present in the sequence, resulting in a low
amount of adsorbed DNA on the electrode surface
(Figure 2 and Figure S2 in supporting information). HRM
curve analysis also identified this variant which is evident
by differential melting of the variants in comparison with
the WT sequence in the normalized melting curve. (Fig-
ure S3A(i) in supporting information). This was further
evident by plotting the rate of change in fluorescence per
unit of change in temperature on the y axis to create a
derivative plot (Figurer S3 A(i’) in supporting informa-
tion). Furthermore, Sanger sequencing data [8] confirmed
c.660G>A, c.546-56delA, c.672+26delT mutations in P1
samples (Table 2 in supporting information). P2 samples
demonstrated about 30% relative current changes indicat-
ing mutations. Analogous findings were also noted with
HRM curve Analysis. Sanger sequencing data confirmed
that this sample contains c.660G>A, c.546-64delA and
c.546-56delA mutations. The additional reduction of the
relative current changes (30% versus 36%) could be
explained by the fact that an additional A deletion in this
sample resulted a lower level of adsorbed DNA on the
electrode surface (i. e., high DPV current and hence low
%IRelative) (Figures 2 and 3, Table 2 in supporting informa-
tion). In a P3 sample, we found about 32% relative
current changes, indicating relatively higher amount of
adsorbed DNA on the electrode surface (i. e., lower DPV
currents with respect to that of the P2 sample). This might
be due to the nature of mutation (c.546-64delA, c.672+
46-47delTG) as verified via HRM curve analysis and
Sanger sequencing8 (Figures S2, S3 and Table 2 in
supporting information).

The level of relative current changes for P4 samples is
almost similar to that of P1 sample, indicating that both
samples contain identical mutation patterns for
FAM134B. HRM curve analysis and Sanger sequencing
were also supported these findings (Figures S2, S4, and
Table 2 in supporting information). The P5 sample dis-
played about 28% relative current changes that might be
occurred due to the presence of the following mutations
in the target sequence: c.546-547CT>GG, c.660G>A,
c546-64delA, c.546-56delA, and c.672+46-47delTG. Nota-
bly, this relative current changes is slightly lower that that
obtained for the sample SDM-4. This can be explained by
considering the fact that an additional deletion of c.672 +
46-47delTG in P5 sample results the lower amount of
adsobed DNA on the electrode surface, leading to a high
DPV currents (i. e., low %IRelative) (Figures S2, S4, and
Table 2 in supplementary information). For sample P6, we
found about 29 % relative current difference, which was
due to the lower level of adsorbed DNA on the electrode
surface (i. e. high DPV current). Indeed, this sample
contains c.660G>A, c.546-56delA, c.672+26delT, c.672+
46-47delTG mutations (Figure S2, S4, and Table 2 in
supporting information). Unlike synthetic samples, the
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inter-assay %RSD for the clinical samples analysis was
found to be <5.0 %. These data imply that the electro-
chemical signal generated by our assay was able to
distinguish the presence or the absence of mutations in
samples collected from ESCC patients. Additionally, the
validation of these results from previously reported HRM
curve analysis and Sanger sequencing further suggest that
our method may help in easy and cost effective detection
of FAM134B gene mutations in cancer patients. However,
further studies with large number of clinical cohorts are
needed for the functional validation of our method.

Although there are many electrochemical methods
successfully developed in detecting point mutations or
SNPs, our method provides several unique advantages
over these methodologies. First, we used direct adsorption
of DNA samples on an unmodified gold electrode rather
than the conventional biosensing approach of using
recognition and transduction layers. This proposed tech-
nology substantially simplifies the detection method by
avoiding the complicated chemistries underlying each step
of the sensor fabrication. Second, it avoids the use of
various enzymes (such as endonuclease [43], exonuclease

[35] and E. Coli DNA ligase [36]), fluorescence tags [47],
electrochemically active reporters such as methylene blue
(MB) [12] and capture probes for target hybridization and
detection, and thus provides relatively faster and easier
platform for mutation analysis. Third, single-use screen-
printed electrode is a well-known detector for inexpensive
readout in electrochemistry. It is also worth noting that
several gold nanoparticle (AuNPs)-based DNA mutation
assays are currently available [48–50]. Although these
methods allow naked eye detection and require no
covalent modification of the DNA or AuNPs surfaces,
most of them rely on the use of salt-induced aggregation
[48], additional oligonucleotide strand as the linker [49] or
magnetic isolation and hybridization [50] steps. In con-
trast, our current assay quantify the DNA mutation by
simply monitoring their direct adsorption on an unmodi-
fied gold surface.

4 Conclusions

We have demonstrated a relatively simple and new
electrochemical method for the detection of gene specific

Fig. 2. (A) Representative amplified PCR products of
exon-4 of FAM134B (JK1) in 1.5% agarose gel.
FAM134B (JK1) were present in all the samples (1-6)
except non template control (7). Hundred base pair
DNA ladder used for comparison. (B) Representative
differential pulse voltammetric current changes for
detecting FAM134B point mutations in healthy and
patients samples. (C) Relative current changes for
detecting FAM134B point mutations for the three
normal (N1, N2 and N3) and six (P1-P6) oesophageal
cancer tissue samples. Each data point represents the
average of three repeat trails, and error bars represent
the standard deviation of measurements (%RSD= <
5.0%; for n =3). Statistical significance were deter-
mined by pairwise comparison between 2 conditions
using student t-test. *, p=0.005 to 0.05 and **, p=
0.0005 to 0.005..
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mutations in PCR-amplified genomic DNA samples based
on the different adsorption affinity of DNA nucleotides
towards gold. The detection was achieved by the direct
adsorption of two sequentially different PCR amplified
mutated and unmutated DNA samples onto an unmodi-
fied gold electrode. Using this approach, we were able to
detect mutations in 50 ng of target PCR-amplified product
within 1.5 h with high reproducibility (% RSD= <5.0)
and specificity. We used the method to analyze a small
panel of clinical samples from ESCC patients, and the
results were validated with HRM curve analysis and
sequencing. We anticipate that this method can potentially
be applicable for point mutation detection in clinical
diagnostics.
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Primer Design 

Primer were designed for detecting FAM134B (JK1) mutation and copy number changes 

were designed based on GenBank accession number for variant 1 NM_001034850 and for 

variant  2 NM_019000 as well as for a control gene, HBD (GenBank accession number 

NM_000519) using Primer3 version 0.4.0 (http://frodo.wi.mit.edu/primer3). All primers were 

analyzed for specificity using Primer Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast) 

and Primer Premier program version 5 (Premier Biosoft, Palo Alto, CA, USA) to check for 

primer parameters like GC content, annealing temperature of primer (Tm) and to forecast any 

possible mismatching, primer dimmer or hairpin formation. Primers for FAM134B (JK1) 

gene were designed within the intronic regions on either side of the exon of interest to ensure 

coverage of the entire exon 4 to amplify and direct sequencing both isoforms of the gene for 

screening of mutation in ESCC. Synthetic DNA mutations (SDM) were designed based on 

mimicking PCR products. The primer pairs were obtained from Integrated DNA technologies 

(Coralville, IA, USA). The list of chosen primer sets are summarized in Table S1. 
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Table 1. List of the oligonucleotide sequences used in this study. The synthetic DNA 

mutations in the intron (black colour) and exon-4 (blue colour) of FAM134B (JK1) interest 

are highlighted in red colour. Each mutations and control in synthetic DNA represent mutated 

and unmutated samples obtained after PCR of FAM134B gene. 

 

Target genes Oligonucleotide Sequences (5'--3′) 

 

 
 

FAM134B-F CCAGAGGGTGTGGCCAACAGTAG 

 

FAM134B-R TGGAGAAATCTGACAAGCTG 

 

HBD-F  CAGCATCAGGAGTGGACAGA 

 

HBD-R  CTCGGCGGCACCCAC 

 

SDM-1  CCAGAGGGTGTGGCCAACAGTAGATGCTCAATAAATATTTGCCAAAGC C-TAAAT 

GTTGAATGAATCATCCAAAGTTCAGTAGTATTTTTTTTCTTTTTGTCTCTTTAGCTG 

GGAAGTTATCAATTCCAAACCAGATGAAAGACCCAGGCTCAGCCACTGTATTGCA 

GAATCATGGATGAATTTCAGCATATTTCTTCAAGAAATGTCTCTTTTTAAACAGCA 

GAGCCCTGGCAAGGCAAGTTTTCCAGTAAAGGAGTATGTTTTAAAATGTTCAGTTA 

CTTGGAAACAAAT GAACTAACCTATTTTATCAGCTTGTCAGATTTCTCCA 

SDM-2  CCAGAGGGTGTGGCCAACAGTAGATGCTCAATAAATATTTGCCAAAGC C-TAA-T                                                                  

                                GTTGAATGAATCATCCAAAGTTCAGTAGTATTTTTTTTCTTTTTGTCTCTTTAGCTG 

GGAAGTTATCAATTCCAAACCAGATGAAAGACCCAGGCTCAGCCACTGTATTGCA 

                                GAATCATGGATGAATTTCAGCATATTTCTTCAAGAAATGTCTCTTTTTAAACAGCA 

GAGCCCTGGCAAGGCAAGTTTTCCAGTAAAGGAGTATGTTTTAAAATGTTCAGTTA 

                                CTTGGAAACAAAT GAACTAACCTATTTTATCAGCTTGTCAGATTTCTCCA 

SDM-3  CCAGAGGGTGTGGCCAACAGTAGATGCTCAATAAATATTTGCCAAAGC C-TAA-T                                                                  

                                GTTGAATGAATCATCCAAAGTTCAGTAGTATTTTTTTTCTTTTTGTCTCTTTAGGGG 

                                 GGAAGTTATCAATTCCAAACCAGATGAAAGACCCAGGCTCAGCCACTGTATTGCA 

                                GAATCATGGATGAATTTCAGCATATTTCTTCAAGAAATGTCTCTTTTTAAACAGCA 

                                GAGCCCTGGCAAGGCAAGTTTTCCAGTAAAGGAGTATGTTTTAAAATGTTCAGTTA 

                                CTTGGAAACAAAT GAACTAACCTATTTTATCAGCTTGTCAGATTTCTCCA 

SDM-4  CCAGAGGGTGTGGCCAACAGTAGATGCTCAATAAATATTTGCCAAAGC C-TAA-T                                                                  

                                GTTGAATGAATCATCCAAAGTTCAGTAGTATTTTTTTTCTTTTTGTCTCTTTAGGGG 

                                GGAAGTTATCAATTCCAAACCAGATGAAAGACCCAGGCTCAGCCACTGTATTGCA 

                                GAATCATGGATGAATTTCAGCATATTTCTTCAAGAAATGTCTCTTTTTAAACAGCA 

                                AAGCCCTGGCAAGGCAAGTTTTCCAGTAAAGGAGTATGTTTTAAAATGTTCAGTTA 

                                CTTGGAAACAAAT GAACTAACCTATTTTATCAGCTTGTCAGATTTCTCCA 

Control DNA CCAGAGGGTGTGGCCAACAGTAGATGCTCAATAAATATTTGCCAAAGCCATAAAT                                                                  

                                GTTGAATGAATCATCCAAAGTTCAGTAGTATTTTTTTTCTTTTTGTCTCTTTAGCTG 

                                GGAAGTTATCAATTCCAAACCAGATGAAAGACCCAGGCTCAGCCACTGTATTGCA 

                                GAATCATGGATGAATTTCAGCATATTTCTTCAAGAAATGTCTCTTTTTAAACAGCA 

                                GAGCCCTGGCAAGGCAAGTTTTCCAGTAAAGGAGTATGTTTTAAAATGTTCAGTTA 

                                CTTGGAAACAAAT GAACTAACCTATTTTATCAGCTTGTCAGATTTCTCCA 
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Table 2. List of the patient samples with mutation sites of FAM134B gene in ESCC. 

 

Name of clinical samples Mutation Sites in the exon-4 of FAM134B gene  

------------------------------------------------------------------------------------------------------------------------------------------------------ 

 

Patient 1    c.660G>A, c.546-56delA, c.672+26delT 

 

Patient 2    c.660G>A, c.546-64delA, c.546-56delA 

 

Patient 3    c.546-64delA, c.672+46-47delTG 

 

Patient 4    c.660G>A, c.546-56delA, c.672+26delT 

 

Patient 5    c.546-547CT>GG, c.660G>A, c546-64delA,c.546-56delA, c.672+46-47delTG 

 
Patient 6 c.660G>A, c.546-56delA, c.672+26delT, c.672+46-47delTG 
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Optimisation of the operating parameters 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. Optimisation of the operating parameters for the adsorption of wild type (control 

DNA) and SDM2 (2A detection) samples at (A) different time (DNA concentration, 10 

ng/µL; pH of the SSC buffer 7.0) and (B) different concentration (adsorption time, 60 min; 

pH of the SSC buffer 7.4). Each bar represents the average of three separate trials (n = 3). 

Error bars represent the standard deviation of measurements (%RSD = <5% for n = 3).  

Current difference (Δir) is calculated using the equation, Δir = %ir,control DNA – %ir,SDM2, where 

%ir,control DNA and %ir,SDM2 are the relative DPV signals for the control and SDM2 samples, 

respectively. 
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Fig. S2A. (i-ii) Representative differential pulse voltammetric current changes for detecting 

FAM134B point mutations in two healthy samples. 2B. (i-v) differential pulse voltammetric 

current changes for detecting FAM134B point mutations forfive (P1, P3-P6) oesophageal 

cancer tissue samples. Each data point represents the average of three repeat trails, and error 

bars represent the standard deviation of measurements (%RSD = <5.0% for n =3).  
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A)        (i)                                                                    (i′) 

 

 

 

 

 

                     (ii)                                                                   (ii′) 

 

  

 

 

 

B) (i)     

 

 

(ii) 

 

Fig. S3A. (i-ii) Representative differential melting properties of healthy and patients DNA 

samples (P1 and P3) with variant amplicons of FAM134Bexon 4 in the normalized melting 

curves. (i′-ii′)Differential melting curves of these variants were also evident by the derivative 

plotsB). 3B. (i-ii)Sanger sequencing confirms the presence of FAM134B point mutation in 

patients DNA samples (P1 and P3).  
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A)        (i)                                                                          (i′) 

 

 

 

 

 

                     (ii)                                                                         (ii′) 

 

 

 

 

 

                    (iii)                                                                        (iii′) 

 

 

 

 

 

Fig. S4A. (i-iii) Representative differential melting properties of healthy and patients DNA 

samples (P4-P6) with variant amplicons of FAM134Bexon 4 in the normalized melting 

curves. (i′-iii′)Differential melting curves of these variants were also evident by the derivative 

plots. 
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(B)             

               (i) 

 

 

           (ii) 

 

 

 

(iii) 

 

 

 

Fig. S4B. (i-iii)Sanger sequencing confirms the presence of FAM134B point mutation in 

patients DNA samples (P4-P6).  
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Introduction 

A simple and inexpensive electrochemical method is developed for detecting 

regional DNA methylation using direct adsorption of bisulfite-treated and PCR 

amplified DNA sequences onto graphene-modified screen-printed carbon electrode (g-

SPCE). In recent years it has been demonstrated that the nature of adsorption affinity of 

unmodified DNA towards graphene is finely governed by the composition of DNA 

bases and strictly follows the trend: guanine (G)> adenine (A)> thymine (T)> cytosine 

(C). However, no one has ever used this direct adsorption process as a tool for the 

detection of DNA methylation at a single CpG level of resolution. This is the first report 

on a simple electrochemical method for the detection of DNA methylation on 

bisulphite-treated samples using base dependent affinity interaction of DNA bases with 

graphene. The amount of the adsorbed DNA on graphene-modified screen-printed 

carbon electrode was quantified by differential pulse voltammetry (DPV) in the 

presence of the [Fe(CN)6]
3-/4- system. The coulombic repulsion between Fe(CN)6

3- and 

negatively charged DNA (adsorbed) on the electrode surface enables distinguishing 

guanine-enriched methylated (strongly adsorbed) DNA samples from the adenine-

enriched unmethylated (relatively less adsorbed) samples at a single CpG level of 

resolution. To demonstrate the applicability of the method, we targeted DNA sequences 

containing eleven potentially methylated CpG sites located within a small region of 

FAM134B promoter gene. The methylation status of this gene region has already been 

highlighted as a potential biomarker in oesophageal and colorectal cancers. We believe 

that the simplicity, high specificity and sensitivity along with the ability to detect single 

CpG methylation make our method potentially attractive for future diagnostic 

applications.  
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We report a new 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 un-
methylated DNA. The level of the methylation is quantified by monitoring the differential pulse vol-
tammetric 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 methyla-
tion as low as 5%. Furthermore, this method has been used to detect methylation levels in a collection of
DNA samples taken from oesophageal cancer tissues.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

DNA methylation is a cell-type specific epigenetic marker, es-
sential for controlling gene expression via transcriptional regula-
tion, silencing of repetitive DNA and genomic imprinting (Jones
and Takai, 2001; Wu and Zhang, 2010). Current advances in DNA
methylation research have suggested that different types of can-
cers appear to have distinct DNA methylation levels at selected
regions (i.e., regional methylation), which are responsible for their
various responses to treatment (Taleat et al., 2015; Zhang et al.,
2015). For example, regional methylation plays a fundamental role
in the initiation and progression of oesophageal squamous cell
carcinoma (ESCC) by inactivating transcription and loss of gene
function (Chang et al., 2002; Delpu et al., 2013; Wong et al., 2006,
2003). Also, DNA methylation based biomarker has proven to be
used alone or in combination with other diagnostic methods in
cancer (Delpu et al., 2013). Thus, detection of methylation in tar-
geted cancer specific genes could have diagnostic and prognostic
nces, Griffith University, Na-

palan),
edu.au (M.J.A. Shiddiky).
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implications in human cancers.
Over the past several decades, a number of conventional mo-

lecular biology approaches, including-bisulfite sequencing, MS-
PCR, mass spectrometry and fluorescence based methods have
been extensively used to measure the level of DNA methylation in
cancers (Herman et al., 1996; Cao and Zhang, 2012; Zhang et al.,
2011, 2015; Plongthongkum et al., 2014; Taleat et al., 2015). These
approaches employed sequencing, mass spectrometric or fluores-
cence readouts to differentiate between methylated and un-
methylated sequences. They are relatively robust but are limited
by the costly instruments, DNA fragmentation, chimeric product
generation, fluorescent labels and long analysis time. Furthermore,
these methods are limited by the background fluorescence inter-
ference as well as to high labour and bioinformatics costs.

In the recent years, much attention has been focused on de-
veloping inexpensive and faster detection strategies based on
colorimetry, electrochemistry, Raman scattering readouts and
surface plasmon resonance (Carrascosa et al., 2014; Kato et al.,
2011, 2008; Koo et al., 2014b; Kurita et al., 2012; Taleat et al., 2015;
Wang et al., 2016; Wee, 2015a, 2015b; Zhang et al., 2015). While all
these methods have many advantages, their sensor fabrication
procedure and data deconvolution methods are rather compli-
cated due to the involvement of complex surface functionalisation
steps or coupling chemistry (Carrascosa et al., 2014; Kato et al.,
School of Medicine
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2011, 2008; Koo et al., 2014b; Kurita et al., 2012; Taleat et al., 2015;
Wang et al., 2016; Wee, 2015a, 2015b; Zhang et al., 2015). There-
fore, a simple and inexpensive method that could simplify the
detection method by avoiding the complicated chemistry under-
lying each step of the sensor fabrication represents an appealing
alternative to alleviate some of these issues.

More recently, we have reported a simple method for quanti-
fying DNA methylation using different adsorption affinity of DNA
bases onto an unmodified gold substrate (Koo et al., 2014a; Sina
et al., 2014a, 2014b). Similar to gold substrate, graphene (Varghese
et al., 2009) and graphene oxide (Wu et al., 2011) have been re-
ported as promising substrates for adsorbing nucleobases and
nucleosides. Over the past few years, several fundamental studies
have been carried out to explore the nature of the direct interac-
tion (i.e., adsorption) of nucleobases and nucleosides onto the
graphene and graphene oxide surface (Gowtham et al., 2007;
Varghese et al., 2009; Wu et al., 2011). These studies have sug-
gested that the physisorption between individual nucleobases and
the graphene (i.e., adsorption on graphene) is controlled by the
polarisabilities of the individual nucleobases. Among all nucleo-
bases, guanine and adenine with their five- and six-membered
rings possess the largest polarisabilities, whereas other bases with
only six-membered rings exhibit lower polarisabilities. Ad-
ditionally, guanines with its double-bonded oxygen atom possess
a larger polarisability than adenine. Since the van der Wall (vdW)
energy is directly proportional to the interacting nucleobases,
Gowtham et al. (2007) and Varghese et al. (2009) have proposed
that vdW interaction is indeed the main driving force for the ad-
sorption of nucleobases onto the graphene and follows the ad-
sorption trend as guanine (G)4adenine (A)4thymine
(T)4cytosine (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 graphene
surface. To date, there is no other method that uses the graphene-
DNA affinity interaction to quantify DNA methylation.

Herein, we report a simple and inexpensive method for de-
tecting regional DNA methylation using direct adsorption of bi-
sulfite-treated and PCR amplified DNA sequences onto graphene-
modified screen-printed carbon electrode (g-SPCE). In this ap-
proach, following the bisulfite conversion and asymmetric PCR
amplifications steps, the amplified products was directly adsorbed
on g-SPCE. The relative adsorption of the amplified products was
then detected via differential pulse voltammetry (DPV) in the
presence of the [Fe(CN)6]3�/4� redox system. We first optimised
the adsorption parameters (i.e., adsorption time, pH of the solu-
tion, etc) to achieve optimal analytical performance of the method.
Then, we applied this method to detect FAM134B promoter gene
methylation in a panel of ESCC cell lines and patient samples de-
rived from oesophageal squamous cell carcinoma. Finally, we es-
tablished a correlation between promoter hypermethylation and
FAM134B gene expression levels.
2. Experimental

2.1. Materials

All reagents were of analytical grade and purchased from Sigma
Aldrich (St Louis, MO, USA). UltraPureTM DNase/RNase-free dis-
tilled water (Invitrogen, Carlsbad, CA, USA) was used throughout
the experiments. Jurkat 100% methylated genomic DNA was pur-
chased from New England Biolabs (Ipswich, MA, USA). Two oe-
sophageal squamous cell carcinoma (ESCC) cell lines, HKESC-1 and
HKESC-4, were kindly gifted from Department of Pathology, Uni-
versity of Hong Kong. Another ESCC cell line- KYSE-510 was
Md. Hakimul Haque (s2864831)
purchased from Leibniz Institute DSMZ (German collection of
microorganisms and cell cultures). All these cell lines were grown
in minimum essential medium alpha (MEMα growth medium,
Gibco (ThermFisher scientific, Waltham, MA, USA) medium with
non-essential amino acids supplemented with 10% fetal bovine
serum (FBS, Gibco), 100 mg/mL penicillin (Gibco) and 100 unit/mL
streptomycin (Gibco) in a humidified cell culture incubator con-
taining 5% CO2 at 37 °C. Graphene-modified screen-printed carbon
electrodes (g-SPCE, 110GPH) were acquired from Dropsens (Spain).

2.2. Clinical samples

Surgically resected fresh tissue samples (cancer and matched
non-cancer) from eight ESCC patients were used for this study.
Histopathological confirmation of carcinoma was made prior to
DNA isolation. All ESCC patients selected in this study were free
from radio/chemotherapy and were matched with gender (all
male) and clinical staging (stage III & IV). Mean age group of the
patients were 65þ14, ranging from 45 to 74 years. Ethical ap-
proval has been obtained for the use of these samples (GU Ref no:
MED/19/08/HREC). The selected samples were sectioned using a
cryostat (Leica CM 1850 UV, Wetzlar, Germany) and stained by
haematoxylin and eosin.

2.3. Genomic DNA extraction

HKESC-1, HKESC-4 and KYSE-510 ESCC cell lines were grown in
minimum essential medium alpha (MEMα growth medium, Gibco
(ThermoFisher scientific, Waltham, MA, USA) medium with non-
essential amino acids supplemented with 10% fetal bovine serum
(FBS, Gibco), 100 mg/mL penicillin (Gibco) and 100 unit/mL strep-
tomycin (Gibco) in a humidified cell culture incubator containing
5% CO2 at 37 °C. Genomic DNAwas extracted and purified from 105

cell plates of the aforesaid cell lines and clinical samples using
DNeasy blood and tissue kit (Qiagen Pty. Ltd., Venlo, Netherlands)
following manufacturer's instructions. Briefly, after harvesting,
appropriate number of cells were suspended in phosphate buffer
solutions. A digestion step was executed to remove the protein and
RNA in the solution via proteinase and RNase enzymes, respec-
tively. Then, cell samples were suspended in lysis buffer to disrupt
and release the nucleic acids and proteins into the solution. The
digested proteins and RNA were removed by centrifuging the so-
lution in a spin column. The purified DNA was eluted from the
column in 100 mL of elution buffer and stored at �20 °C. The
whole genomic amplified (WGA) DNA samples was prepared
through amplifying about 50 ng genomic DNA using REPLI-g
whole genome amplification kit (Qiagen Pty. Ltd., Venlo, Nether-
lands) according to manufacturer's instructions. DNA quantifica-
tion was achieved via Nanodrop Spectrophotometer (BioLab, Ips-
wich, MA, USA) and purity was measured using 260/280 ratio.
Concentration of DNA was noted in ng/mL and then stored at
�20 °C until use.

2.4. Bisulphite treatment

MethylEasy™ Xceed kit (Human Genetic Signatures Pty. Ltd.,
NSW, Australia) was used to perform bisulphite conversion as per
the manufacturer instruction. Briefly, 500 ng of DNA were in-
cubated with 150 mM NaOH solution at 37 °C for 15 min followed
by treatment with sodium bisulphite at 80 °C for 45 min. Then
bisulphite-treated DNA solution was purified using the protocol
from MethylEasy™ Xceed kit. DNA quantification and purity was
checked via Nanodrop Spectrophotometer (BioLab, Ipswich, MA,
USA). Concentration of bisulphite treated DNA was noted in ng/mL
and then stored at �20 °C until use.
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2.5. Normalization of DNA copy number

In order to normalize the DNA copy number from each DNA
source, the relative amount of FAM134B (JK1) genes in bisulphite
treated cell and WGA DNA samples were determined by real-time
amplification of the house keeping HBD gene using the Rotor-Gene
Q detection system (Qiagen, Hilden, Germany) and performing
comparative analysis of Ct (i.e. the fractional PCR cycle number at
which the reporter fluorescence is greater than the threshold).
qRT-PCR was performed in a total volume of 10 mL reaction mix-
ture comprising 5 mL of 2XSensiMix SYBR No-ROX master mix
(Bioline, London, UK), 1 mL of each 250 nM primer, 1 mL of equal
concentrated target cell and WGA DNA samples with 2 mL of nu-
clease-free water. Thermal cycling programs encompassed initial
denaturation and activate the hot start DNA polymerase in one
cycle of 7 min at 95 °C followed by 40 cycles of 10 s at 95 °C (de-
naturation), 30 s at 60 °C (annealing) and 20 s at 72 °C (extension).

2.6. Asymmetric PCR

Asymmetric PCR of the bisulphite treated DNA was carried out
using AmpliTaq Gold 360 master mix (ThermoFisher scientific,
Waltham, MA USA) to generate ss-DNA amplicons. Asymmetric
PCR was performed by suing 60 mL reaction mixture comprising
30 mL of AmpliTaq Gold 360 master mix, 1 mL of 125 nM forward
primer and 375 nm reverse primer (see Table S1), 1 mL of 50 ng
bisulphite treated DNA and 28 mL of nuclease-free water. PCR cy-
cling program was performed under the following conditions:
95 °C for 10 min followed by 49 cycles of 30 s at 95 °C (dena-
turation), 30 s at 61 °C (annealing) and 20 s at 72 °C (extension).

2.7. Methylation specific-high resolution melting (MS-HRM) curve
analysis

MS-HRM was performed according to the modified versions of
the previously published procedure (Wojdacz and Dobrovic,
2007). Briefly, HRM curve analysis was carried out on the Rotor-
Gene Q detection system (Qiagen) using the Rotor-Gene Screen-
Clust Software. PCR was performed in a 10 mL total volume con-
taining 5 mL of 2Xsensimix HRM master mix, 1 mL of 20 ng/mL bi-
sulfite modified genomic DNA, 2 mL RNase free water and 1 mL of
each primer. The thermal profile comprised 15 min at 95 °C, fol-
lowed by 50 cycles of 30 s at 95 °C, 30 s at 61 °C and 20 s at 72 °C.
High resolution melting analyses were carried out at temperature
ramping from 70 to 95 °C. The normalization of melting curve
were performed following the previous procedure (Wojdacz and
Dobrovic, 2007).

2.8. Electrochemical measurements of DNA methylation

All electrochemical measurements were performed on a
CH1040C potentiostat (CH Instruments, Bee Cave, TX, USA) with
the three-electrode system printed on a ceramic substrate (length
33�width 10�height 0.5) mm. In the three-electrode system,
working (diameter ¼4 mm), counter and reference electrodes
were graphene/carbon, carbon, and silver-modified electrodes.
Differential pulse voltammetry experiments were conducted in
10 mM phosphate buffered saline (PBS) solution containing
2.5 mM [K3Fe(CN)6] and 2.5 mM [K4Fe(CN)6] electrolyte solution.
DPV signals were obtained with a potential step of 5 mV, pulse
amplitude of 50 mV, pulse width of 50 ms, and pulse period of
100 ms. For synthetic DNA samples, 8 mL (diluted in SSC5X buffer
to get 100 nM of DNA) sample was adsorbed on g-SPCE surface.
For cell lines and clinical samples analysis, 10 times-diluted am-
plified products (i.e., 20 mL of amplified DNA spiked in 200 mL of
SSC5X buffer) were used for adsorption experiments. The
Md. Hakimul Haque (s2864831) 1
electrodes were then washed three times with PBS prior to per-
form DPV measurements. The relative DPV current changes (i.e., %
IRelative, percent difference of the DPV signals generated for DNA
sample (ISample) with respect to the baseline current (IBaseline)) due
to the adsorption of DNA samples were then measured by using
Eq. 1. The difference in relative DPV signals between unmethylated
and methylated DNA was calculated by using Eq. (2).

=
−

×
( )

I
I I

I
% 100

1Relative
Baseline Sample

Baseline

Δ = − ( )I I I% % 2Relative M RelativeRelative , , UM

where %IRelative, M and %IRelative, UM are the relative DPV signals for
the methylated, and unmethylated samples, respectively.

2.9. Fourier Transform Infrared Spectroscopy and UV–Vis
Experiments

Fourier Transform Infrared Spectroscopy (FTIR) spectra were
collected on a Perkin-Elmer Spectrum 100 with a resolution of
4 cm�1 in absorption mode. A baseline correction was applied
after the measurement. The measurements were performed for a
bare graphene-modified and DNA/graphene-modified working
electrode. UV–vis absorption spectra were measured on Agilent
8453 UV–Vis spectrometer. The UV–vis measurements were done
in aqueous solution.
3. Results and discussion

3.1. Principle

Fig. 1 illustrates the principle of the method. Briefly, ds-DNAs
were first extracted from the cancer cell lines. A bisulfite conversion
step was then performed to convert unmethylated cytosines in ds-
DNA (double stranded DNA) into uracils while methylated cytosines
remain unchanged. In a subsequent asymmetric PCR amplification
step, all ds-DNA were converted to ss-DNA (single stranded DNA)
amplicons. In this step, cytosines in the complementary strand will
be copied to guanines and uracils to adenines resulting in methy-
lated sample into guanine-enriched and unmethylated into
adenine-enriched ss-DNA. These samples were then directly ad-
sorbed on the g-SPCE surface. The DNA-attached g-SPCE surfaces
were characterised by FTIR analysis. The interaction between gra-
phene and DNA sequences has also been tested in solution phase
via UV–Vis spectrometry (for details see text and Fig. S1 in Sup-
plementary Material). The adsorbed ss-DNA amplicons were de-
tected by differential pulse voltammetry (DPV) in the presence of a
small redox active [Fe(CN)6]3�/4� group. Previously, we (Koo et al.,
2014a; Sina et al., 2014a, 2014b) and Zhang et al. (2007) have shown
that unlike conventional redox system (e.g., [Ru(NH3)6]3þ/[Fe
(CN)6]3�) (Das et al., 2012), the [Fe(CN)6]3�/4� alone is sufficient for
quantifying surface-bound sequences reliably. As outlined by Zhang
et al. (2007), the process follows an electron transfer kinetics-based
mechanism, where density of the adsorbed DNA sequences at the
electrode surface should be sufficiently low (i.e., partial blocking).
Under this condition, the columbic repulsion between the surface-
bound ss-DNA and [Fe(CN)6]3- is not strong enough to fully repel [Fe
(CN)6]3-molecules from accessing the surface. Therefore, it gen-
erates a significant DPV signal which is lower than that of the
un-modified electrode (i.e., before ss-DNA adsorption) (Koo et al.,
2014a; Sina et al., 2014a, 2014b). In the current method, since the
adsorption strength of DNA bases towards graphene vary as
G4A4T4C, the guanine-enriched methylated DNA leads to a
38 School of Medicine



Fig. 1. Schematic of graphene-DNA adsorption based methylation assay. The adsorption of ss-DNA on g-SPCE repulse [Fe(CN)6]3� molecules from accessing electrode
surface, providing a significate DPV signal. Inset, typical differential pulse voltammetric signals showing the guanine-enriched methylated DNA that produces lower DPV
currents in comparison to the adenine-enriched unmethylated DNA.
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larger level of adsorbed DNA on the electrodes in comparison to the
adenine-enriched unmethylated DNA. Hence, as schematically
shown in Fig. 1, methylated DNA results in a smaller DPV current
(i.e., larger relative current change, %IRelative).

We have first explored the oncogenic properties and altered
expression of FAM134B (JK1) gene in oesophageal squamous cell
carcinoma (Tang et al., 2007). Also, FAM134B has been reported to
have roles in pathogenesis as well as prediction of prognosis of
other gastrointestinal cancer, namely colorectal cancer (Kasem
et al., 2014). Most current approaches detect DNA methylation in
oesophageal cancers via methylation specific PCR amplification
process (Kuroki et al., 2003; Long et al., 2007). In this proof-of-
concept study, we have used graphene-DNA affinity interaction for
detecting gene-specific DNA methylation in FAM134B. Firstly, the
FAM134B promoter region containing 11 CpG sites located within a
length of 60 bases was chosen as a target DNA. In order to further
validate our approach, we have designed synthetic samples con-
taining 0, 1, 5 and 11 CpG sites within the promoter region of
FAM134B gene which mimic the bisulfite treated and asymmetric
PCR processed methylated and unmethylated DNA regions (See
Table S1, Supplementary Material).

One of the key considerations of the current method is that
there is only a finite amount of electrode area and we should have
the right amount of adsorbed DNA on the electrode surface so that
the extent of methylation makes discernible signal difference.
Therefore, we first optimised adsorption time and pH of the so-
lution to achieve optimal amount of adsorbed DNA on the elec-
trode surface so that the affinities of the DNA with different
amounts of methylation can be discerned. Relative current differ-
ences (ΔIRelative, see Experimental) between the 100 nM methy-
lated (11 CpG) and unmethylated (0 CpG) DNA samples were
measured. As seen in Fig. S2, an adsorption time of only 1 min is
sufficient to generate a significant ΔIRelative value. The maximum
ΔIRelative was found at 2 min, which was rapidly decreased with
increasing adsorption time. Long adsorption time (410 min)
would lead to large amount of adsorbed DNA (i.e., complete block
of the surface) on electrode surface. This results in a similar level
Md. Hakimul Haque (s2864831)
of columbic repulsion between the surface-bound DNA and [Fe
(CN)6]3� for both the methylated and unmethylated cases, pro-
viding two DPV signals with almost identical magnitudes leading
to a small ΔIRelative changes.

We then evaluated the pH-dependent ΔIRelative changes by
varying the pH of the solution from 3.0 to 9.5 (Fig. S3). Clearly,
both methylated and unmethylated DNA samples could be dis-
tinguished at all the pH examined. The optimalΔIRelative value was
found at pH 7.4. This can be explained by the fact that negative
charge of the phosphate backbone of DNA at this pH is optimal to
hinder the graphene-DNA interaction for both methylated and
unmethylated samples while still allowing the methylated DNA
with higher guanine contents to be interacted strongly. At the
lower pH, the N3 position of the cytosines in methylated and
unmethylated sequences can be protonated (pKa¼4.2) (Wu et al.,
2011). This may contribute to reduce the Van-der Wall interaction
(i.e., electrostatic repulsion) between targets sequences and gra-
phene surface, and thus result in a lower adsorption, leading to
higher DPV currents (i.e., lower ΔIRelative changes). At the higher
pH, the electrostatic interaction (adsorption) between graphene
and DNA sequences is very strong, which significantly contribute
to facilitate their adsorption on graphene-modified surfaces (i.e.,
both targets reach to the saturation level within a very short time
giving a reduced ΔIRelative value).

The main advantage of gold standard sequencing-bisulphite
based method is that they can detect DNA methylation with sin-
gle-base resolution. To evaluate the feasibility of our assay for
detecting a minimum number of CpG methylation, four synthetic
DNA samples containing 0, 1, 5 and 11 CpG sites were tested (as
outlined above and in Table S1, Supplementary Material). Fig. 2
shows that the decrease of the relative current changes is a
function of the number of CpG cites. This is due to the increase of
the guanine contents with increasing methylated CpG sites in the
target sequence. The level of relative adsorption pattern of me-
thylated CpG sites agreeably implies the high specificity of our
assay for effective detection of DNA methylation at a single CpG
level of resolution.
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Fig. 2. Left, differential pulse voltammetric current changes with respect to the designated CpG sites. Right, typical DPV signal for the sample containing 1 CpG site and its
corresponding background signal. Each data point represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%
RSD¼o5% for n¼3).
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Since tissue samples from patients with cancer usually contain
a mixture of methylated and unmethylated DNA, accurate quan-
tification of heterogeneous DNA methylation pattern is significant
for detection and prediction of various clinicopathological para-
meters in cancers. It is therefore important to detect the degree of
methylation in a high background of unmethylated DNA samples.
To evaluate the assay performance for detecting heterogeneous
DNA methylation pattern, we analysed the dependence of the re-
lative current changes on various degree of methylation. The
samples were prepared by mixing synthetic standards of methy-
lated and unmethylated DNA sequences to get 0%, 5%, 25%, 50%,
75%, 95% and 100% methylation, Fig. 3. The relative current
changes (%IRelative) increases with increasing levels of methylation,
probably due to the increasing guanine contents in the target DNA
sequences (i.e., low DPV current and thus the higher %IRelative). The
linear regression equation was y (%IRelative)¼2.3193xþ20.77
(C) with a correlation coefficient (r2) of 0.9921. A methylation
change as low as 5% could be detected from 100 nM of DNA. These
data was much better than our previous gold-DNA based approach
(Koo et al., 2014a; Sina et al., 2014a, 2014b) and was of comparable
to recent approaches (Carrascosa et al., 2014; Koo et al., 2014b;
Wang et al., 2016; Wee, 2015a, 2015b), and clearly demonstrate
that our approach is both specific and sensitive in detecting
Fig. 3. Differential pulse voltammetric current changes with respect to the designated m
and 95% (right, bottom) and their corresponding background signals. Each data point r
deviation of measurements (%RSD¼o5% for n¼3).

Md. Hakimul Haque (s2864831) 14
methylated DNA in the nanogram regime.
To test the applicability of our assay for detecting methylation

level of FAM134B promoter gene, DNA samples derived from three
ESSC cell lines were tested, Fig. 4A. A fully unmethylated whole
genome amplified DNA was used as an internal standard. For
avoiding any PCR bias, as outlined in our previously reported
methylsorb assay (Koo et al., 2014a; Sina et al., 2014a, 2014b), we
normalized the gene copy number prior to PCR amplification (see
Experimental for details). As expected, for all the three cancer cell
lines and WGA samples, significant relative current changes were
observed indicating the presence of different degree of methyla-
tion. Importantly, two of the cell-derived samples (i.e., KYSE-510
and HKESC-1) resulted in a large relative current changes when
compared to that of the unmethylated WGA (e.g., ΔIRelative be-
tween KYSE-510 cell lines and unmethylated WGAwas found to be
�14.6%), indicating DNA sequence derived from KYSE-510 and
HKESC-1 cell lines could be hypermethylated at FAM134B pro-
moter gene. These data clearly indicate that the proposed assay
may be a useful alternative for detecting FAM134B promoter gene
methylation in cell-derived samples.

To further demonstrate the applicability of our method in
analysing clinical samples, we extended our assay to analyse six
tissue DNA samples derived from patients with primary
ethylation level. Inset, typical DPV signals for the sample containing 5% (left, top)
epresents the average of three repeat trails, and error bars represent the standard

0 School of Medicine



Fig. 4. Relative current changes for detecting FAM134B promoter region in (A) three oesophageal cancer cell lines and unmethylated, and (B) two normal (N1 and N2) and six
(P1–P6) oesophageal cancer tissue samples. Each data point represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%
RSD¼o5% for n¼3).
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oesophageal squamous cell carcinoma. Two oesophageal non-
cancerous tissue DNA samples were also used as a control (see
Experimental for details). Fig. 4B indicates that all samples showed
different degree of methylation. The level of relative current
changes with respect to that of the WGA obtained for two normal
samples clearly show that these two samples are unmethylated.
Also by comparing the level of relative current changes found in
cell lines (Fig. 4A), we can estimate that four DNA samples derived
from P3, P4, P5 and P6 cancer patients were highly methylated,
while P1 and P2 samples were partially methylated (i.e., low me-
thylation) at FAM134B promoter gene. We then validated our assay
performance with well-known MS-HRM curve analysis. As can be
seen in Fig. S5, WGA and N1 samples have almost similar me-
thylation level. Also the P6 sample has relatively higher methyla-
tion level compare to that of the P2 sample. These data are in-line
with our adsorption based data.

Previously, it has been reported that gene silencing due to
promoter hypermethylation play a fundamental role in patho-
genesis of oesophageal squamous cell carcinoma (Wong et al.,
2006). To evaluate whether the promoter hypermethylation of the
FAM134B gene is linked with oesophageal cancer development, the
FAM134B mRNA expression in all studied samples were examined
via qRT-PCR (see Fig. S4 and experimental details in Supplemen-
tary Material). While our assay have showed higher level of me-
thylation (i.e., aberrant promoter hypermethylation) of the
FAM134B gene in four primary cancer patients (P3, P4, P5 and P6 in
Fig. 4B), the mRNA expression study revealed under-expression in
three of these DNA samples (P4, P5 and P6, Fig. S4 in Supple-
mentary Material). Furthermore, mRNA over-expression was found
in three patient samples (P1, P2, P3), indicating that the associated
CpG region could be unmethylated or partially methylated. In our
assay, we have noted that the levels of methylation for P1 and P2
samples are slightly higher than those of WGA (see Fig. 4A) and
normal samples (N1 and N2 in Fig. 4B), indicating that these two
samples (P1 and P2) could be partially methylated, and is in good
agreement with RNA-expression data. In contrast, P3 sample
showed significantly higher methylation levels than normal and
WGA samples. This outcome suggests that this region could be
hypermethylated, in disagreement with our mRNA expression
data. The electrochemical data presented here clearly suggests that
there is a relationship between promoter methylation level and
mRNA expression of FAM134B gene in oesophageal squamous cell
carcinoma, and support the accuracy of our assay. Although an in-
depth study is needed to fully evaluate and validate clinical utility
of the method, the analytical performance of the assay in its cur-
rent form suggests the high feasibility of our assay in clinical
sample analysis.
141Md. Hakimul Haque
4. Conclusion

We have developed a simple and new method for the quanti-
fication of gene-associated DNA methylation using affinity inter-
action between DNA bases and graphene. The method is based on
the different adsorption affinity of DNA nucleotides towards gra-
phene-modified electrodes. The detection was achieved by the
direct adsorption of two sequentially different DNA samples (bi-
sulphite-treated and PCR amplified sequences representing me-
thylated and unmethylated DNA) onto a graphene-modified elec-
trode, which avoids multiple modifications and functionalisation
steps involved in conventional assays. Furthermore, it avoids the
need for sequencing analysis. Most importantly, we have tested
the feasibility of our assay to detect methylation target of FAM134B
promoter gene in a panel of ESCC cell lines and clinical samples
from ESCC patients. We anticipated that our assay might be able to
detect global hypomethylation since the methylated and un-
methylated DNA-base changes of bisulphite-treated genomes en-
tails a large number of CpG sites, which might generate a marked
adsorption difference between fully methylated and partially
methylated samples. In addition, our assay could be viably useful
in clinical diagnostics because of its potential for accurate detec-
tion of epigenetic biomarker.
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Fourier Transform Infrared Spectroscopy and UV-Vis Experiments  

Figure S1(a) shows the FTIR spectrum of DNA absorbed on graphene electrode, along with 

the bare graphene electrode and DNA for comparison. In all samples, a broad absorption peak 

ranging from 3600 to 3000 cm−1 was observed which corresponds to the stretching of O–H 

bonds. After DNA adsorption, we observed a FT-IR spectra band changes generated from 

interaction of DNA and graphene surface. It should be highlighted that there is a distinctive, 

broad peak between 1200 cm-1 and 1500 cm-1 were characteristic signatures of C-N and C-H 

bonds in nucleic acids (Dovbeshko et al. 2002). DNA adsorption on graphene electrode 

surface resulted in absorbance change at band positions of 2850, 1670, 1050 cm-1 

characteristic of C-H, C=O and C-O bonds. The above result suggests that the DNA is well-

bound to the surface of graphene electrode. This correlates with the observed UV–visible 

results (Fig. S1(b)). The UV-vis spectrum of graphene exhibits two characteristic adsorption 

peaks, at 250 nm and 300 nm corresponding to C–C and C=O bonds, respectively. The 

characteristic adsorption peak of DNA observed at ~256 nm is in agreement with other report 

(Tiwari et al. 2013). In the case of DNA absorbed on graphene surface, the absorption 

spectrum appears to be dominated by the DNA’s characteristics, while the broadening of the 

260 nm peak and the small shoulder at 300 nm reveals the presence if graphene. Overall, the 
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spectral analysis confirms that the DNA strands are well bound to the surface of the graphene 

electrode. 

 

 

 

Fig. S1 (a) FTIR spectra of DNA, graphene electrode and DNA absorbed on graphene 

electrode (b) UV–vis absorption spectrum of DNA, graphene electrode and DNA absorbed 

on graphene electrode in aqueous solution.  

 

 

 

Primer design.  

 

Primer were designed for detecting FAM134B (JK1) promotor methylation based on 

promoter region of GenBank accession number for variant 1 NM_019000 and for a control 

gene, Haemoglobin delta (HBD) (GenBank accession number NM_000519) using primer 

designing and search tool (http://bisearch.enzim.hu/). All primers were analysed for 

specificity using oligonucleotide properties calculator 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) to check for primer parameters like 

GC content, annealing temperature of primer (Tm) and to forecast any possible mismatching, 

primer dimmer or hairpin formation. Synthetic DNA methylations were deigned based on 

mimicking the bisulphite treated and asymmetric PCR processed. The primer pairs were 
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obtained from Integrated DNA technologies (Coralville, IA, USA). The list of chosen primer 

sets are summarized in Table S1. 

 

 

Table S1. List of the oligonucleotide sequences used in this study. The eleven potentially 

methylate CpG sites in the FAM134B (JK1) promoter region of interest are highlighted in red 

colour. The G/A base changes in synthetic DNA representing methylated and unmethylated 

samples that would be obtained after bisulphite treatment and asymmetric PCR of FAM134B 

gene are highlighted with green and orange colour. 

Target genes   Oligonucleotide Sequences (5'--3′) 
--------------------------------------------------------------------------------------------------------------- 

FAM134B promotor region   TCGGCGGCACCCACACCCAGGCGCGCCCGCGCGCGCGCCCGGCCCCGT 

(Chr5: 16617106) 

 

FAM134B-F   AGAGGTTTTTTAGGAATTTAGAGTTTTT 

 

FAM134B-R   CCATCTTCAACTATACTTCCAAACAAA 

 

HBD-F    CAGCATCAGGAGTGGACAGA 

 

HBD-R    CTCGGCGGCACCCAC 

 

Synthetic DNA-1   ACGAAACCGAACGCGCGCGCGAACGCGCCTAAATATAAATACCGCCGA 

(11 methylated CpG sites) 

 

Synthetic DNA-2   ACAAAACCGAACACGCACGCAAACGCACCTAAATATAAATACCGCCAA 

(5 methylated CpG sites) 

 

Synthetic DNA-3   ACGAAACCAAACACACACACAAACACACCTAAATATAAATACCACCAA 

(1 methylated CpG sites) 

 

Synthetic DNA-4   ACAAAACCAAACACACACACAAACACACCTAAATATAAATACCACC  

(0 methylated CpG sites) 
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Optimization of the adsorption time 

 

 

 

 

 

 

 

 

 

Fig S2. Mean values of the relative DPV signals between 100 nM unmethylated (0 CpG) and 

100 nM methylated (11 CpG) DNA sequences at designated adsorption time at pH 7.4 Each 

data point represents the average of three repeat trails, and error bars represent the standard 

deviation of measurements (%RSD = <5% for n = 3). 
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Optimization of the solution pH  

 

 

 

 

 

 

 

 

 

Fig S3. Mean values of the relative DPV signals between 100 nM unmethylated (0 CpG) and 

100 nM methylated (11 CpG) DNA sequences at designated pH at 2 min of adsorption. Each 

data point represents the average of three repeat trails, and error bars represent the standard 

deviation of measurements (%RSD = <5% for n = 3). 

 

Correlation between promoter hypermethylation and FAM134B gene expression 

To evaluate whether the promoter hypermethylation of the FAM134B gene linked with ESCC 

development, the FAM134B mRNA expression of FAM134B promotor region in all tested 

ESCC primary cancers and matched noncancerous tissue were studied via qRT-PCR. RNA 

extraction, cDNA conversion and qRT-PCR studies have been done as described below - 

p3 p5 p7.4 p9.5
0
2
4
6
8

10
12
14
16


I R

e
la

ti
v
e

Solution pH

147Md. Hakimul Haque (s2864831) School of Medicine

Screening clinically relevant biomarkers in cancer Chapter 6



(i) RNA extraction from tissue samples. The selected samples were sectioned using a 

cryostat (Leica CM 1850 UV, Wetzlar, Germany) and stained by haematoxylin and eosin. To 

confirm the presence of non-cancer and cancerous tissues for RNA extraction, light 

microscopic examination of the tissues has been performed by the author (AKL). RNA was 

then extracted using the protocol from all prep DNA/RNA mini kit (Qiagen, Hilden, NRW, 

Germany). As outlined above for DNA extraction, quantification of extracted RNA was 

measured via Nanodrop Spectrophotometer (BioLab, Ipswich, MA, USA) and purity was 

checked by the same instrument using 260/280 ratio. Concentration of RNA is noted in ng/μL 

and stored at -80OC until assayed.  

cDNA conversion. Reverse transcription reactions were performed using 1 μg total RNA in a 

final reaction volume of 20 μL. 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 μg of total RNA and master mix were 

incubated for 60 minutes at 37ºC and then heated up for 5 min at 95ºC.  Each cDNA sample 

was diluted to 30ng/μL for providing uniformly concentrated sample of  RNA for qRT-PCR. 

Samples were stored at -20ºC. 

Primer design. The primer sets for amplification of FAM134B (JK1) (GenBank accession 

number for variant 1 NM_001034850 and for variant 2 NM_019000), and GAPDH 

(GenBank accession number NM_002046) genes were designed using Primer3 version 0.4.0 

(http://frodo.wi.mit.edu/primer3/). The primer sets for FAM134B were 5′-

TGACCGACCCAGTGAGGA-3 and 5′-GGGCAAACCAAGGCTTAA-3′ with an amplicon 

of 106 bp and for a reference gene, 5'-TGCACCACCAACTGCTTAGC-3' and 5'-

GGCATGGACTGTGGTCATGAG-3' with an amplicon of 88 bp for GAPDH were selected. 

qRT-PCR. qRT-PCR was performed in a total volume of 10 μL reaction mixture comprising 

5 μL of 2XSensiMix SYBR® No-ROX master mix (Bioline, London, UK), 1 μL of each10 

picomole/ μL primer, 1 μL of cDNA/ genomic DNA at 20-50 ng/μL and 2 μL 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 methods published previously (Gopalan et al.  2010) 
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Fig. S4 Altered mRNA expression level of FAM134B gene in different clinical samples of 

primary oesophageal cancer patients. Each data point represents the average of three repeat 

trails, and error bars represent the standard deviation of measurements (%RSD = <5% for n = 

3). 
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Fig. S5 The MS-HRM analysis of FAM134B gene promoter region in ESCC. MS-HRM 

curves for 100% methylated Zurkat (green) and fully unmethylated (0% methylation) WGA 

(blue) along with two patients (P6, maroon); P2, dark maroon) and one normal (N1, Red) 

samples.  
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Introduction  

A relatively simple, fast and inexpensive electrochemical method is depicted for 

detecting gene-specific DNA methylation using direct adsorption of bisulfite-treated and 

PCR amplified DNA sequences onto the unmodified screen-printed gold electrode (SPE-

Au). Previously, we demonstrated the use of direct adsorption of bisulfite treated and 

asymmetric PCR-amplified DNA sequences onto an unmodified gold electrode (without 

the use of complementary capture probe and hybridization steps) to quantify the level of 

DNA methylation present in the sequence via measuring the total adsorbed DNA onto the 

electrode surface. While these assays are relatively simple, it follows an electron transfer 

kinetic-based mechanism, where the density of the DNA sequences at the electrode 

surface should be sufficiently low. Additionally, the risk of false-positive responses at 

low concentration of target is well known when using a detection technique based on 

attenuation of the interfacial electron transfer reaction of a redox process (i.e., “signal-

off” approach). In order to avoid this complexity, in the current study, we explored 

whether simply monitoring the total charge generated by the electrostatically-attached 

[Ru(NH3)6]
3+ onto the adsorbed DNA could report on the degree of DNA methylation 

present in target DNA sequence, where generated total redox charge is the function of 

adsorbed sequences on the electrode surface. To demonstrate the applicability of the 

method we analysed the various degree of methylation in cancer cell lines (n=3) and fresh 

tissues samples from patients (n=8) with oesophageal squamous cell carcinoma 

containing eleven potentially methylated CpG sites located in the FAM134B promoter 

gene. We believe that the simplicity, high accuracy and sensitivity along with the ability 

to detect heterogeneous CpG methylation level in clinical samples make our method 

potentially attractive for future diagnostic applications.  
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Gene-specific methylation
Electrochemical detection
Chronocoulometry
Oesophageal squamous cell carcinoma
Please cite this article in press as: Md.Hakim
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adsorption pattern) quantified by measuring saturated amount of charge-compensating [Ru(NH3)6]3þ

molecules in the surface-attached DNAs by chronocoulometry as redox charge of the [Ru(NH3)6]3þ

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 reso-
lution and as low as 10% differences in DNA methylation. In addition, the assay showed fairly good
reproducibility (% RSD¼ <5%) with better sensitivity and specificity by analysing various levels of
methylation in two cell lines and eight fresh tissues samples from patients with oesophageal squamous
cell carcinoma. Finally, the method was validated with methylation specific-high resolution melting
curve analysis and Sanger sequencing methods.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

DNA methylation is one of the clinically relevant epigenetic
biomarkers that regulates gene expression via controlling tran-
scriptional alteration, genomic stability, X chromosome inactiva-
tion, genomic imprinting and mammalian cell development [1].
Recent studies on epigenetic research demonstrate that aberrant
DNA methylation plays a critical role in the pathophysiology of
human cancers including oesophageal squamous cell carcinoma
(ESCC) [2,3]. For example, gene-specific promoter hyper-
methylation is an important driver in the development and pro-
gression of many human cancers via transcriptional inactivation
and suppressing of gene function [4e8]. More recently, it has also
been demonstrated that DNA methylation can be used as tumour-
specific therapeutic targets in ESCC [2]. Therefore, sensitive and
specific profiling of gene-specific DNA methylation in ESCC could
have potential implication for prediction of prognosis as well as
therapy response monitoring in clinical settings.

Until recently, gene-specific DNA methylation in ESCC is
generally detected via methylation specific PCR approaches along
with bisulfite sequencing [9,10]. Over the past several decades, a
variety of molecular biological approaches including methylation-
sensitive single nucleotide-primer extension, methylight,
methylation-sensitive high resolution melting, enzyme-linked
immunosorbent assay (ELISA) based methylation assays, mass
spectroscopy and fluorescence readout based methods have been
conspicuously exploited to quantify the level of the DNA methyl-
ation in many human cancers [11e16]. However, most of these
approaches are relatively simpler and robust but typically require
large sample volumes, sophisticated instruments, multi-step pro-
cedures, hazardous radiolabeling, complex fabrication, expensive
antibodies, etc. Furthermore, these assays are affected by multiple
external controls for quantitative analysis, background fluores-
cence interference, high labour and bioinformatics costs which
limit their use in routine clinical applications.

In recent years, much attention has been focused on the
development of sensitive, specific, relatively simple and inexpen-
sive method for the analysis of DNA methylation using electro-
chemistry, colorimetry, surface plasmon resonance and Raman
scattering readouts [17e22]. While most of these readout methods
have their ownmerits and demerits, electrochemical readout offers
additional advantages in clinical diagnostics applications due to
their relatively higher sensitivity and specificity, cost-effectiveness
and compatibility with the miniaturization [23e25]. In these as-
says, sensor requires a surface-attached capture probe to hybridize
the complementary target sequence, and to form duplex DNA that
intercalatively bind with a redox-active transition-metal cations
(e.g., [Ru(NH3)6]3þ) for the generation of electrochemical signals
[26e29]. As described inmany conventional electrochemical assays
[30e33], the saturated amount of charge-compensation
[Ru(NH3)6]3þ complex (RuHex) on the electrode surface is
ul-g.H. Haque, et al., Quanti
017), http://dx.doi.org/10.101
electrochemically determined, which is directly proportional to the
number of negatively charged phosphate residues and thereby the
surface density of the target DNA.

Previously, we demonstrated the use of direct adsorption of
bisulfite treated and asymmetric PCR-amplified DNA sequences
onto an unmodified gold electrode (without the use of comple-
mentary capture probe and hybridization step) to quantify the level
of DNAmethylation present in the sequence viameasuring the total
adsorbed DNA on to the electrode surface [34,35]. Since the
adsorption (i.e., physisorption) trend of the DNA bases to gold
surfaces follows as adenine (A) > cytosine (C) > guanine (G)>
thymine (T) [36,37], two DNA sequences with different methylation
patterns (i.e., bisulfite treated adenine-enriched unmethylated and
guanine-enriched methylated DNA sequences) should have
different adsorption affinity towards gold surface. Indeed, a rela-
tively large amount of unmethylated DNAwas adsorbed on the gold
electrode in comparison to the methylated DNA. In this system, we
showed that monitoring the Faradaic current generated by the
[Fe(CN)6]3-/4- system alone could be used for the interrogation of
DNA methylation level present in the bisulfite treated samples
[34,35]. While this assay is relatively simple, it follows an electron
transfer kinetic-based mechanism, where density of the DNA se-
quences at the electrode surface should be sufficiently low [31].
Additionally, the risk of false-positive responses at low concentra-
tion of target is well known when using a detection technique
based on attenuation of the interfacial electron transfer reaction of
a redox process (i.e., “signal-off” approach).

In order to avoid this complexity, in the current study, we
explored whether simply monitoring the total charge generated by
the electrostatically-attached RuHex onto the adsorbed DNA could
report on the level of DNA methylation present in the samples,
where generated total redox charge is the function of adsorbed DNA
sequences on the electrode surface [26e29]. Since in this “signal-
on” approach, the charge of the RuHex complex qualitatively re-
flects the amount of the adsorbed DNA at the electrode surface [30],
the electrochemical signal generated by the chronocoulometric
(CC) interrogation of DNA-bound RuHex will give the level of
methylation present in the amplified samples. It is also important
to note that unlike RuHex based conventional methods [30], the
current method detects DNAmethylation by simply monitoring the
adsorbed target DNA on an unmodified SPE-Au electrode. Since we
use direct adsorption of target DNA on an unmodified electrode
rather than the conventional biosensing approach of using recog-
nition and transduction layers, this method substantially simplifies
the detection system by avoiding the complicated chemistries un-
derlying each step of the sensor fabrication.

In this method, we first optimized the adsorption parameters
(i.e., adsorption time, pH of the solution, and concentration of DNA)
for the direct adsorption of target DNA onto the unmodified SPE-Au
surface. Then, we detected the level of promoter methylation pre-
sent in FAM134B gene in a panel of ESCC cell lines and tissue
fication of gene-specific DNA methylation in oesophageal cancer via
6/j.aca.2017.04.034
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samples derived from patients with ESSC. We also validated the
results with methylation specific-high resolution melting (MS-
HRM) curve analysis and Sanger sequencing.

2. Experimental

2.1. Genomic DNA preparation

All reagents and chemicals were analytical grade and purchased
from Sigma Aldrich (St Louis, MO, USA) unless otherwise noted.
UltraPure DNase/RNase-free distilled water was obtained from
Invitrogen (Carlsbad, CA, USA). Whole genome amplification DNA
was prepared according to themanufacture's protocol fromREPLI-g
whole genome amplification kit (Qiagen, Hilden, Germany). Two
ESCC cell lines (HKESC-1 and HKESC-4) were kindly provided from
our collaborative research group [38,39]. Another ESCC cell line,
KYSE-510 was purchased from Leibniz Institute DSMZ (German
collection of microorganisms and cell cultures). 100% methylated
Jurkat genomic DNA was obtained from New England Biolabs
(Ipswich, MA, USA). Eight fresh frozen tissue samples from patients
with ESCC and two non-neoplastic oesophageal tissues (as con-
trols) were recruited for this study. Ethical approval was taken from
the Griffith University human research ethics committee for the use
of these samples (GU Ref Nos: MED/19/08/HREC and MSC/17/10/
HREC). After histopathological confirmation, genomic DNA was
purified from all ESCC tissue samples with all prep DNA/RNA mini
kit (Qiagen, Hilden, Germany), according to the manufacturer's
protocols. Blood and cell culture DNA mini kit (Qiagen, Hilden,
Germany) was used for the purification of DNA from ESCC cell lines.
All patients had not received pre-operative were free from radio/
chemotherapy, matched with gender (all male) and clinical staging
(stage III & IV). Mean age group of the patients was 65 ± 14 ranging
from 45 to 74 years. Screen-printed gold electrodes were acquired
from Dropsens (Spain).

2.2. Bisulfite modification

Bisulfite conversion and purification of the genomic DNA was
performed with MethylEasy Xceed kit (Human Genetic Signatures
Pty. Ltd., NSW, Australia) as recommended by the manufacturer.
DNA quantification and purity was checked via Nanodrop Spec-
trophotometer (BioLab, Ipswich, MA, USA). Concentration of
bisulfite treated DNAwas noted in ng/mL and then stored at �20 �C
until use. Approximately 500 ng genomic DNA from each samples
was the starting amount for the bisulfite treatment.

2.3. DNA quantification

The DNA copy number normalization of FAM134B (JK1) genes in
bisulfite treated cell and WGA DNA samples were analyzed by the
Rotor-Gene Q PCR detection system (Qiagen, Hilden, Germany).
qRT-PCR was performed in a total volume of 10 mL reaction mixture
containing 5 mL of 2XSensiMix SYBR No-ROX master mix (Bioline,
London, UK), 1 mL of each 250 nM primer, and 1 mL of equal
concentrated target cell and WGA DNA samples with 2 mL of
nuclease-freewater. Thermal cycling programs encompassed initial
denaturation and activate the hot start DNA polymerase in one
cycle of 7 min at 95 �C followed by 40 cycles of 10 s at 95 �C
(denaturation), 30 s at 60 �C (annealing) and 20 s at 72 �C
(extension).

2.4. Asymmetric PCR

Asymmetric PCR of the bisulfite treated DNA was carried out
using AmpliTaq Gold 360 master mix (ThermFisher scientific,
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
electrochemistry, Analytica Chimica Acta (2017), http://dx.doi.org/10.101
Waltham,MAUSA) to generate ss-DNA amplicons. Asymmetric PCR
was performed by using 60 mL reaction mixtures comprising 30 mL
of AmpliTaq Gold 360 master mix, 1 mL of 125 nM forward primer
and 375 nm reverse primer, 1 mL of 30 ng bisulfite treated DNA and
28 mL of nuclease-free water. PCR cycling programs was performed
under the following conditions: 95 �C for 10 min followed by 49
cycles of 30 s at 95 �C (denaturation), 30 s at 61 �C (annealing) and
20 s at 72 �C (extension).

2.5. Determination of the surface area of the electrodes

Screen-printed electrode with the three-electrode system
printed on a ceramic substrate (length 33 � width 10 � height
0.5 mm) was purchased from Dropsens (Spain). In the three-
electrode system, working (SPE-Au, diameter ¼ 4 mm), counter
and reference electrodes were gold, platinum, and silver-modified
electrodes, respectively. The effective working area of the elec-
trodes were determined under cyclic voltammetric conditions for
the one-electron reduction of K3[Fe(CN)6] [2.0 mM in water (0.5 M
KCl)] and use of the Randles-Sevcik eqn (1),

ip ¼
�
269� 105

�
n3=2AD1=2Cv1=2 (1)

where ip is the peak current (A), n is the number of electrons
transferred (Fe3þ / Fe2þ, n ¼ 1), A is the effective area of the
electrode (cm2),D is the diffusion coefficient of [Fe(CN)6]3- (taken to
be 7.60 � 10�5cm2s�1), C is the concentration (mol cm�3), n is the
scan rate (Vs�1).

2.6. Electrochemical measurements of DNA methylation

All electrochemical measurements were performed on a
CH1040C potentiostat (CH Instruments, TX, USA). Cyclic voltam-
metric (CV) experiments were performed in 10 mM PBS solution
containing 2 mM [K3Fe(CN)6] electrolyte solution. Chronocoulo-
metric readouts were obtained in 10 mM tris buffer (pH 7.4) in the
presence and absence of 50 mMRuHexwith a potential step of 5mV
and pulse width of 250 ms, and sample interval of 2 ms. For syn-
thetic DNA samples, 5 mL (diluted in SSC5X buffer to get 100 nM of
DNA) sample was adsorbed on SPE-Au surface. For clinical samples
analysis, 5 mL (diluted in SSC5X buffer to get 50 ng of DNA) were
used for adsorption experiments. The electrodes were thenwashed
three times with PBS prior to perform CC readouts. The total charge
(Q/C) flowing through the DNA-attached electrode comprising both
Faradaic (redox) and non-Faradaic (capacitive) charges at a time t
can be expressed by the integrated Cottrell equation [30],

Q ¼
2nFA1=2

0 C*
0

p1=2 t1=2 þ Qdl þ nFAG0 (2)

where n is number of electrons involved in electrode reaction, F is
Faraday constant (C/equivalent), A is the electrode area (cm2), Do is
the diffusion coefficient (cm2/s), Co* is the bulk concentration (mol/
cm2), Qdl the capacitive charge (C), G0 is designates the surface
excess and represents the amount of RuHex confined near the
electrode surface. CC curves were constructed by plotting the
charge flowing through the DNA-attached electrode versus square-
root of time (t1/2/s1/2) in the presence and absence RuHex. Q and Qdl
were estimated from the intercept of these two curves at t ¼ 0. The
redox charge corresponding to RuHex electrostatically bound to the
surface-attached DNA (Qtarget) was calculated using Eq. (3).

Qtarget ¼ Q � Qdl (3)

The redox charge difference (DQ) in CC signals between
fication of gene-specific DNA methylation in oesophageal cancer via
6/j.aca.2017.04.034
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unmethylated and methylated was estimated using Eq. (4).

Charge differenceðDQÞ ¼ Qtotal;unmethylated � Qtotal;methylated (4)

where Qtotal;methylated and Qtotal;unmethylated are the CC signals esti-
mated for the methylated and unmethylated samples respectively.

2.7. Methylation specific-high resolution melting (MS-HRM) curve
analysis

MS-HRM was carried out based on the modified versions of the
previously published procedure [13]. Briefly, HRM curve analysis
was demonstrated on the Rotor-Gene Q detection system (Qiagen)
using the Rotor-Gene ScreenClust Software. PCRwas performed in a
10 mL total volume containing 5 mL of 2Xsensimix HRMmaster mix,
1 mL of 20 ng/mL bisulfite modified genomic DNA, 2 mL RNase free
water and 1 mL of each primer. The thermal profile comprised
15 min at 95 �C, followed by 50 cycles of 30 s at 95 �C, 30 s at 61 �C
and 20 s at 72 �C. HRM analyses were carried out at temperature
ramping from 70 to 95 �C. The normalization of melting curve was
performed as previously reported [40].

2.8. Sanger sequencing

To further confirm the methylation status of FAM134B promoter
region, we employed Sanger sequencing analysis. The purified DNA
was mixed with the primer (12 ng of DNA þ 1 mL of 10 pmol primer
in 12 mL of H2O) sequence using the Big Dye Terminator (BDT)
chemistry Version 3.1 (Applied Biosystems). Sanger sequencing
was performed and analyzed using a 3730xl Capillary sequencer
(Applied Biosystems) under standardised cycling PCR conditions in
the Australian Genome Research Facility (AGRF, Brisbane).

2.9. Statistical analysis

Statistical analyses were performed via pairwise comparisons
between two conditions using student's t-test. Significance level of
the tests was taken at p < 0.05.

3. Results and discussion

3.1. Principle of the quantification of gene-specific DNA methylation
assay

We first extracted double stranded (ds)-DNA from the cancer
cell lines and clinical tissue samples from ESCC patients to
demonstrate the working principle of the method. We performed a
bisulfite conversion step for converting unmethylated cytosines in
ds-DNA into uracils while methylated cytosines remain unchanged.
Then, an asymmetric PCR amplification step was performed to
convert all ds-DNA into ss-DNA amplicon. In this step, cytosines in
the complementary strand would be copied into guanines and
uracils into adenines resulting guanine-enriched methylated and
adenine-enriched unmethylated samples. The samples were then
directly adsorbed on a SPE-Au electrode surface. The adsorbed ss-
DNA samples were detected by CC interrogation in presence of an
electroactive complex RuHex. Here, RuHex cations act as the
signaling molecule that binds to the anionic phosphate of DNA
strands in a stoichiometric manner [41]. Previous studies have
clearly showed that redox charge of RuHex quantitatively indicates
the amount of DNA strands localized at the electrode surface
[13,41,42]. In the present method, since the adsorption strength of
DNA bases towards gold surface follows as A > C > G > T, adenine-
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
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enriched unmethylated DNA leads to a higher level of adsorbed
DNA on the gold electrode surface in comparison to guanine-
enriched methylated DNA, resulting in a significant difference in
CC signals for unmethylated and methylated targets. This base-
dependent adsorption process can be explained by the conven-
tional physisorption mechanism, where DNA bases adopt a flat
conformation that allow maximum overlapping of electronic den-
sities [36]. The strongest adsorption strength of adenine could be
due to the formation of an additional chemical bond between the
amino group of adenine and a gold atom [43]. As schematically
presented in Fig. 1, methylated DNA results in a relatively low level
of CC charges (i.e., a significant charge density/mCcm�2) in com-
parison to that of the unmethylated DNA.

3.2. Synthetic sample design

Recent studies suggested that alterations in FAM134B gene have
a significant impact in gastrointestinal carcinomas and neurological
diseases via regulating its expression patterns and cellular auto-
phagy [44e47]. It has also been reported that FAM134B is mutated
in metastatic lymph node tissues and its DNA copy number is
significantly alterated in oesophageal squamous cell carcinoma
tissues [44]. In this proof-of-concept study, we have used gold-DNA
affinity interaction for detecting gene-specific DNA methylation in
FAM134B promoter region containing designated CpG sites located
within a length of 48 bases. In order to execute our approach, we
have designed synthetic samples containing 0, 1, 5 and 11 CpG sites
within the promoter region of FAM134B gene which mimic the
bisulfite treated and asymmetric PCR processed methylated and
unmethylated DNA regions.

3.3. Assay optimization

The extent of the adsorption of the target DNA on unmodified
SPE-Au depends on the adsorption condition such as adsorption
time, solution pH and amount of DNA. We first optimized the
adsorption time (5e40 min) of target DNA samples by measuring
the redox charge differences between the 10 ng/mL synthetic
methylated (11 CpG) and unmethylated (0 CpG) DNA in a solution
of pH 7. As depicted in Fig. 2A, the maximum level of difference in
charge densities between methylated and unmethylated samples
was achieved at 5 min of adsorption time and gradually decreased
with increasing time. At >20 min of the adsorption time, the dif-
ference in charge densities is minimum. This can be explained by
the fact that longer adsorption time led to the saturation of the
electrode surface with the methylated and unmethylated samples,
causing a similar level of the surface confined redox process (i.e.,
RuHex localized at electrode) in CC for both the methylated and
unmethylated cases providing two CC signals with almost identical
magnitudes. Therefore, 5 min of the adsorption timewas chosen for
all subsequent experiments.

We further investigated the effect of DNA concentration
(2.5e40 ng/mL) on the change of the charge densities between the
methylated and unmethylated DNA samples onto a SPE-Au in a
solution of pH 7 for 5 min of adsorption. As seen in Fig. 2B, a sig-
nificant change in charge densities (80.24) between methylated
and unmethylated samples was found at the DNA concentration of
5 ng/mL. The maximum redox charge density difference i.e., 95.54
was achieved using 10 ng/mL of DNA between these two samples.
This is related to the increasing level of adsorbed DNA (i.e., larger
RuHex redox probes) on the electrode surface with increasing
concentrations. At >20 ng/mL DNA concentration, a sharp decrease
in the charge densities changes was observed. For example, 40 ng/
fication of gene-specific DNA methylation in oesophageal cancer via
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Fig. 1. Principle of the quantification of gene-specific DNA methylation assay. The adenine-enriched unmethylated ss-DNA adsorbs relatively larger amount on SPE-Au electrode in
compare to that of the guanine-enriched methylated ss-DNA. A significant electrochemical signals were generated by the CC interrogation of DNA-bound Ru(NH3)6]3þ complexes.
Inset, typical CC signals showing the adenine-enriched unmethylated DNA that produces higher CC charge in comparison to guanine-enriched methylated DNA.
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mL of DNA concentration resulted the charge densities changes of
40.34 between methylated and unmethylated samples. These
findings clearly indicate that the amount of DNA at >10 ng/mL offers
almost similar level of CC signals for both the methylated and
unmethylated sequences. This can be explained by the fact that
saturation of both sequences on the electrode surface was achieved
within 5 min of adsorption at higher DNA concentrations which
eventually leads to a similar level of redox charge densities. Thus,
10 ng/mL of DNA concentration was selected as an optimal con-
centration for all subsequent experiments. We then estimated the
effect of the pH of the solution on the adsorption of target DNA by
varying the pH of the solution from 3.0 to 9.5. Fig. 2C clearly showed
that the redox charge density changes between methylated and
unmethylated DNA samples were found to be 35.25 at pH 3.0. The
optimal charge density changes 95.55 was achieved at neutral pH
(i.e., 7), whereas at > pH ¼ 7.0, a gradual decrease in charge density
changes was recorded. These results clearly showed that pH of the
buffer solution influence the competition between DNA and gold
electrostatic forces (i.e., inherent interaction between DNA bases
and gold electrodes). At neutral pH, negative charge of the phos-
phate backbone of DNA is optimal to hinder the adsorption of
methylated samples while still allowing the unmethylated DNA
with higher adenine contents to be adsorbed strongly. At basic pH,
the gold surface would be more negatively charged and electro-
static repulsion with the negatively-charged phosphate backbone
of DNA could reduce overall DNA adsorption. On the other hand, at
the lower pH (3), cytosines and adenine in the target sequences
would be protonated which could facilitate faster adsorption for
methylated and unmethylated samples resulting saturation of both
targets on the gold surface within a very short time leading to a
reduced level of charge density changes. Therefore, we selected pH
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
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7 as an optimal pH for our assay.

3.4. Synthetic sample analysis

To evaluate the applicability of our approach for the detection of
various level of CpG methylation within the promoter region of
FAM134B gene, four synthetic DNA samples containing 0,1, 5 and 11
CpG sites were examined. Fig. 3 shows that the decrease of the
redox charge densities is a function of the number of CpG cites. This
is due to the decrease of the adenine contents with increasing
methylated CpG sites in the target sequence (i.e., low level of
adsorbed DNA leading to the lowering of the charge densities). The
linear regression equation was estimated to be y (charge,
mCcm�2) ¼ �8.2926 (number of CpG sites) þ 103.9 with the cor-
relation coefficient (R2) of 0.9999. The level of redox charge re-
sponses showed in Fig. 3 clearly indicates that our assay can
effectively detect DNA methylation at a single CpG level of resolu-
tion. For these studies, the relative standard deviation (%RSD) over
three independent experiments was found to be <5%. A similar
result has also been reported previously based on gold-DNA [34]
and graphene-DNA [40] affinity interaction based approaches. We
have also checked the stability of the DNA-attached SPE-Au elec-
trodes by using six independent electrodes at four day interval over
20 days. The electrodes were modified with synthetic DNA con-
taining 11 CpG sites, and stored at 25 OC. Each electrodewas used in
each interval (data not shown). The electrode-to-electrode repro-
ducibility (i.e., % RSD) was found to be <6% (for n¼ 6), indicating the
good stability of the sensor with good analytical reproducibility.

3.5. Heterogonous sample analysis

Heterogeneous methylation can arise as a mixture of fully
fication of gene-specific DNA methylation in oesophageal cancer via
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Fig. 2. The charge difference between the adsorption of unmethylated (0 CpG) and methylated (11 CpG) DNA sequences at different (A) time (B) concentration and (C) pH of the
solution. Each data point (AeC) represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%RSD ¼ <5%, for n ¼ 3).

Fig. 3. (A) Plot for charge density versus number of CpG sites (0, 1, 5, 11 CpG). (B) Their corresponding CC curves and a typical background signal. Each data point represents the
average of three repeat trails, and error bars represent the standard deviation of measurements (%RSD ¼ <5%, for n ¼ 3).
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methylated and unmethylated DNA in varying proportions in tissue
samples from cancer patients [48]. A heterogeneous mixture of
cancer cells may contain both fully unmethylated and methylated
DNA like imprinted gene H19 [49]. Accurate quantification of het-
erogeneous DNA methylation pattern plays critical role for the
detection and prediction of clinical prognosis in human cancers
[48]. It is therefore important to screen the degree of methylation
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
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pattern in a high background of unmethylated DNA samples. To
evaluate the assay performance for detecting heterogeneous DNA
methylation pattern, we analyzed the dependence of the CC re-
sponses on various degree of methylation. The samples were made
by mixing synthetic standards of methylated and unmethylated
DNA sequences to get 0%, 10%, 25%, 50%, 75%, 90% and 100%
methylation, Fig. 4. The total change densities decrease with
fication of gene-specific DNA methylation in oesophageal cancer via
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Fig. 4. (A) Plot for charge density versus designated degree of methylation (i.e., sample containing 0%, 10%, 25%, 50%, 75%, 90% and 100%). (B) Their corresponding CC curves and a
typical background signal. Each data point represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%RSD ¼ <5% for n ¼ 3).
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increasing levels of methylation, probably due to the increasing
adenine contents in the target DNA sequences. The linear regres-
sion equation was found to be y (charge, mCcm�2) ¼ �0.8653 (%
methylation)þ 102.6 with a correlation coefficient (R2) of 0.9998. A
methylation change as low as 10% could be detected from 10 ng/mL
of DNA. This data clearly demonstrate that our approach is sensitive
enough in detecting methylated DNA in the nanogram regime. It is
important to note that this level of data was much better than the
findings of our previous gold-DNA based approach [34,35], and was
also comparable to recent approaches [18e22].

3.6. Gene-specific methylation detection and validation in cell line
and clinical sample

To demonstrate a complex biological application, we applied our
assay to detect the methylation status at the eleven CpG sites of the
targeted FAM134B promoter which have been reported to be
methylated in ESCC [40]. Purified DNA amplicons obtained from
whole genome amplification and Jurkat DNA was used as fully
unmethylated DNA and 100% methylated control, respectively. For
avoiding any PCR bias, we quantified the gene copy number prior to
PCR amplification [34,35]. Purified genomic DNA samples gener-
ated from three ESSC cell lines were then amplified asymmetrically
(see agarose gel electrophoresis image in Fig. 5A) and analyzed
using our approach under the optimized conditions. As indicated in
Fig. 5B and C, significant redox charge responses were observed in
three cancer cell lines, unmethylated WGA, and 100% methylated
Jurkat DNA samples signifying the presence of different percentage
of methylation. When compared to that of the fully unmethylated
WGA and 100% methylated Jurkat DNA samples, the level of the
total redox charges obtained for the DNA sequences derived from
HKESC-4, KYSE-510 and HKESC-1 cell lines indicated that HKESC-4
is partially and other two could be highly methylated (i.e., hyper-
methylated) at FAM134B promoter gene. The %RSD over three in-
dependent experiments in quantifying DNA methylation from
these cell line samples analysis was found to be <5%. These data
were validated with MS-HRM curve analysis and Sanger
sequencing. As can be seen in Fig. S1, MS-HRM curve analysis
showed that DNA samples derived from HKESC-4 is partially
methylated while KYSE-510 and HKESC-1 DNA samples are
hypermethylated. Moreover, Sanger sequencing also confirmed the
different methylation level in WGA, Jurkat DNA and different ESCC
cell lines sample (Figs. S2 and 3). These data clearly indicate that the
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
electrochemistry, Analytica Chimica Acta (2017), http://dx.doi.org/10.101
proposed assay could be a useful alternative for detecting FAM134B
promoter gene methylation in cell-derived samples.

To further demonstrate the potential utility of our method in
analysing clinical samples, we extended our assay to analyze eight
tissue DNA samples derived from patients with primary ESCC. Two
oesophageal non-cancerous tissue DNA samples were also used as
control (see Experimental for details). As indicated in Fig. 5D, all
samples showed different degree of methylation. The level of total
redox charge of two normal samples clearly showed that these two
samples were unmethylated in comparison to that of the WGA and
Jurkat DNA samples. Similarly, by comparing the level of total redox
charges found for WGA and Jurkat DNA samples (Fig. 5C), we can
estimate that four DNA samples derived from P5, P6, P7 and P8
cancer patients were relatively highly methylated, while P1, P2, P3
and P4 samples were partially methylated (i.e., low methylation) at
FAM134B promoter gene. We then validated our assay performance
with well-known MS-HRM curve analysis and Sanger sequencing.
As can be seen in Figs. S1B and C, MS-HRM curve analysis identified
almost similar methylation level in WGA, N1 and N2 samples. Also,
P5, P6, P7 and P8 cancer patients were highly methylated with
respect to that of P1, P2, P3 and P4 samples. Sanger sequencing also
confirmed that P5, P6, P7 and P8 samples were relatively highly
methylated (see typical sequencing data in Figs. S2eS4). Moreover,
%RSD over three independent experiments in quantifying DNA
methylation from clinical samples analysis were found to be <5%.
These data clearly indicated that CC signals generated by our assay
were able to quantify different degree of DNA methylation in ESCC
tissue samples. Also, our assay is highly reproducible with greater
sensitivity and specificity without costly fluorescence labels used in
many of current methylation detection techniques [50e52]. In
addition, validation studies with MS-HRM curve analysis and
Sanger sequencing further suggested that our assay could detect
DNA methylation in easy and inexpensive way from cancer
patients.

Our method offers several advantages over current methodol-
ogies. First, themethod involves the direct adsorption of target DNA
onto an unmodified electrode rather than the conventional bio-
sensing approach of using recognition and transduction layers, and
hence it substantially simplifies the detection method by avoiding
the use of complicated chemistries underlying each step of the
sensor fabrication. It also avoids the use of capture probe as well as
hybridization step. Second, it circumvents the need for the use of
radioactive labels, methylation-sensitive restriction enzymes,
fication of gene-specific DNA methylation in oesophageal cancer via
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Fig. 5. (A) Representative images for amplified PCR products of FAM134B promoter region in 1.5% agarose gel. FAM134B were present in all the samples (2e7) except non template
control (8). Hundred base pairs DNA ladder is used for comparison. (B) CC charges for detecting FAM134B promoter region in three oesophageal cancer cell lines, a fully unme-
thylated WGA, and a 100% methylated Jurkat DNA samples. (C) CC curves for detecting FAM134B promoter region in three oesophageal cancer cell lines, a fully unmethylated WGA,
and a 100% methylated Jurkat DNA samples. (D) CC charges for detecting FAM134B promoter region two normal (N1 and N2) and eight (P1-P8) oesophageal cancer tissue samples.
Each data point represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%RSD ¼ <5%, for n ¼ 3). Statistical significance was
determined by pairwise comparison between 2 conditions using student t-test. *, p ¼ 0.005 to 0.05 and **, p ¼ 0.0005 to 0.005.
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antibodies, and sequencing analysis. Third, the use of commercially
available and disposable SPE-Au (containing a three-electrode
system) successfully eliminates the utilization of typical electro-
chemical cells, counter and reference electrodes thereby offering a
relatively inexpensive (~USD $5 per SPE-Au) platform for DNA
methylation detection. Moreover, the use of SPE-Au potentially
avoids the usual time-consuming cleaning steps associated with
conventional electrodes making the analysis much faster. Fourth,
the detection step of our proposed assay can take only ten min in
total (excluding bisulfite treatment and asymmetric PCR steps) to
achieve electrochemical readout, which is considerably faster than
many recent electrochemical DNA methylation assays [13,29,40].
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
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4. Conclusion

We have reported a simple and new method for the quantifi-
cation of targeted FAM134B gene-associated DNA methylation via
the different adsorption affinity interaction of DNA bases with gold.
The detection was achieved by simply monitoring their direct
adsorption of bisulfite-treated and PCR amplified sequences onto a
SPE-Au. The adsorption of the DNA sequence representing meth-
ylated and unmethylated was then quantified via CC interrogation
of the DNA-bound RuHex complexes. Most importantly, our
developed assay can successfully quantify FAM134B promoter
methylation at varying level in a panel of ESCC cell lines and clinical
fication of gene-specific DNA methylation in oesophageal cancer via
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samples from ESCC patients. The analytical performance of our
method has shown a good agreement with the data obtained using
MS-HRM analysis and Sanger sequencing. We anticipated that our
approach could be potentially useful for the detection of epigenetic
biomarker in both clinical diagnostics and research.

Acknowledgements

This work was supported by the NHMRC CDF (APP1088966 to
M.J.A.S.) and higher degree research scholarships (GUIPRS and
GUPRS scholarships to M.H.H., M.N.I. and R.B.) from the Griffith
University.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.aca.2017.04.034.

References

[1] K.D. Robertson, P.A. Jones, Methylation: past, present and future directions,
carcinogenesis 21 (2000) 461e467.

[2] K. Ma, B. Cao, M. Guo, The detective, prognostic, and predictive value of DNA
methylation in human esophageal squamous cell carcinoma, Clin. Epigenetics
8 (2016) 43.

[3] I.Y. Kuo, J.M. Chang, S.S. Jiang, C.H. Chen, I.S. Chang, B.S. Sheu, P.J. Lu,
W.L. Chang, W.W. Lai, Y.C. Wang, Prognostic CpG methylation biomarkers
identified by methylation array in esophageal squamous cell carcinoma pa-
tients, Int. J. Med. Sci. 11 (2014) 779e787.

[4] H.W. Chang, V. Chow, K.Y. Lam, W.I. Wei, A. Yuen, Loss of E-cadherin
expression resulting from promoter hypermethylation in oral tongue carci-
noma and its prognostic significance, Cancer 94 (2002) 386e392.

[5] Y. Delpu, P. Cordelier, W.C. Cho, J. Torrisani, DNA methylation and cancer
diagnosis, 2013, Int. J. Mol. Sci. 14 (2013) 15029e15058.

[6] T.S. Wong, M.W. Man, A.K. Lam, W.I. Wei, Y.L. Kwong, A.P. Yuen, The study of
p16 and 15 gene methylation in head and neck squamous cell carcinoma and
their quantitative evaluation in plasma by real-time PCR, Eur. J. Cancer 39
(2003) 1881e1887.

[7] M.L. Wong, Q. Tao, L. Fu, K.Y. Wong, G.H. Qiu, F.B. Law, P.C. Tin, W.L. Cheung,
P.Y. Lee, J.C. Tang, G.S. Tsao, K.Y. Lam, S. Law, J. Wong, G. Srivastava, Aberrant
promoter hypermethylation and silencing of the critical 3p21 tumour sup-
pressor gene, RASSF1A, in Chinese oesophageal squamous cell carcinoma, Int.
J. Oncol. 28 (2006) 767e773.

[8] A.W. Chai, A.K. Cheung, W. Dai, J.M. Ko, J.C. Ip, K.W. Chan, D.L. Kwong, W.T. Ng,
A.W. Lee, R.K. Ngan, C.C. Yau, S.Y. Tung, V.H. Lee, A.K. Lam, S. Pillai, S. Law,
M.L. Lung, Metastasis-suppressing NID2, an epigenetically-silenced gene, in
the pathogenesis of nasopharyngeal carcinoma and esophageal squamous cell
carcinoma, Oncotarget 7 (2016) 78859e78871.

[9] T. Kuroki, F. Trapasso, S. Yendamuri, A. Matsuyama, H. Alder, M. Mori,
C.M. Croce, Promoter hypermethylation of RASSF1A in esophageal squamous
cell carcinoma, Clin. Cancer Res. 9 (2003) 1441e1445.

[10] C. Long, B. Yin, Q. Lu, X. Zhou, J. Hu, Y. Yang, F. Yu, Y. Yuan, Promoter
hypermethylation of the RUNX3 gene in esophageal squamous cell carcinoma,
Cancer Invest 25 (2007) 685e690.

[11] M.L. Gonzalgo, P.A. Jones, Rapid quantitation of methylation differences at
specific sites using methylation-sensitive single nucleotide primer extension
(Ms-SNuPE), Nucleic Acids Res. 25 (1997) 2529e2531.

[12] C.A. Eads, K.D. Danenberg, K. Kawakami, L.B. Saltz, C. Blake, D. Shibata,
P.V. Danenberg, P.W. Laird, MethyLight: a high-throughput assay to measure
DNA methylation, Nucleic Acids Res. 28 (2000) E32.

[13] T.K. Wojdacz, A. Dobrovic, Methylation-sensitive high resolution melting (MS-
HRM): a new approach for sensitive and high-throughput assessment of
methylation, Nucleic Acids Res. 35 (2007) e41.

[14] M.N. Islam, S. Yadav, M.H. Haque, M. Ahmed, F. Islam, M.S.Al Hossain,
V. Gopalan, A.K. Lam, N.T. Nguyen, M.J.A. Shiddiky, Optical biosensing stra-
tegies for DNA methylation analysis, Biosens. Bioelectron. (2016), http://
dx.doi.org/10.1016/j.bios.2016.10.034.

[15] S. Kurdyukov, M. Bullock, DNA methylation analysis: choosing the right
method, Biology 5 (2016) 3.

[16] D. Kato, K. Goto, S. Fujii, A. Takatsu, S. Hirono, O. Niwa, Electrochemical DNA
methylation detection for enzymatically digested CpG oligonucleotides, Anal.
Chem. 83 (2011) 7595e7599.

[17] D. Kato, N. Sekioka, A. Ueda, R. Kurita, S. Hirono, K. Suzuki, O. Niwa,
A nanocarbon film electrode as a platform for exploring DNA methylation,
J. Am. Chem. Soc. 130 (2008) 3716e3717.

[18] L.G. Carrascosa, A.A. Sina, R. Palanisamy, B. Sepulveda, M.A. Otte, S. Rauf,
M.J.A. Shiddiky, M. Trau, Molecular inversion probe-based SPR biosensing for
specific, label-free and real-time detection of regional DNA methylation,
Chem. Commun. 50 (2014) 3585e3588.
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
electrochemistry, Analytica Chimica Acta (2017), http://dx.doi.org/10.101
[19] K.M. Koo, E.J. Wee, S. Rauf, M.J.A. Shiddiky, M. Trau, Microdevices for detecting
locus-specific DNA methylation at CpG resolution, Biosens. Bioelectron. 56
(2014) 278e285.

[20] E.J.H. Wee, T. HaNgo, M. Trau, A simple bridging flocculation assay for rapid,
sensitive and stringent detection of gene specific DNA methylation, Sci. Rep. 5
(2015) 15028.

[21] E.J.H. Wee, S. Rauf, M.J.A. Shiddiky, A. Dobrovic, M. Trau, DNA ligase-based
strategy for quantifying heterogeneous DNA methylation without
sequencing, Clin. Chem. 61 (2015) 163e171.

[22] Y. Wang, E.J.H. Wee, M. Trau, Accurate and sensitive total genomic DNA
methylation analysis from sub-nanogram input with embedded SERS nano-
tags, Chem. Commun. 52 (2016) 3560e3563.

[23] E.L. Wong, J.J. Gooding, The electrochemical monitoring of the perturbation of
charge transfer through DNA by cisplatin, J. Am. Chem. Soc. 129 (2007)
8950e8951.

[24] M. Labib, E.H. Sargent, S.O. Kelley, Electrochemical methods for the analysis of
clinically relevant biomolecules, Chem. Rev. 116 (2016) 9001e9090.

[25] S.M. Choi, D.M. Kim, O.S. Jung, Y.B. Shim, A disposable chronocoulometric
sensor for heavy metal ions using a diaminoterthiophene-modified electrode
doped with graphene oxide, Anal. Chim. Acta 892 (2015) 77e84.

[26] G.L. Wang, L.Y. Zhou, H.Q. Luo, N.B. Li, Electrochemical strategy for sensing
DNA methylation and DNA methyltransferase activity, Anal. Chim. Acta 768
(2013) 76e81.

[27] J. Ji, Y. Liu, W. Wei, Y. Zhang, S. Liu, Quantitation of DNA methyltransferase
activity via chronocoulometry in combination with rolling chain amplifica-
tion, Biosens. Bioelectron. 85 (2016) 25e31.

[28] S. Sato, M. Tsueda, Y. Kanezaki, S. Takenaka, Detection of an aberrant
methylation of CDH4 gene in PCR product by ferrocenylnaphthalene diimide-
based electrochemical hybridization assay, Anal. Chim. Acta 715 (2012)
42e48.

[29] H. Zhang, Y. Yang, H. Dong, C. Cai, A superstructure-based electrochemical
assay for signal-amplified detection of DNA methyltransferase activity, Bio-
sens. Bioelectron. 86 (2016) 927e932.

[30] A.B. Steel, T.M. Herne, M.J. Tarlov, Electrochemical quantitation of DNA
immobilized on gold, Anal. Chem. 70 (1998) 4670e4677.

[31] J. Zhang, S. Song, L. Wang, D. Pan, C. Fan, A gold nanoparticle-based chro-
nocoulometric DNA sensor for amplified detection of DNA, Nat. Protoc. 2
(2007) 2888e2895.

[32] E.L. Wong, J.J. Gooding, A selective electrochemical DNA biosensor, Anal.
Chem. 78 (2006) 2138e2144.

[33] M.J.A. Shiddiky, A.A. Torriero, Z. Zeng, L. Spiccia, A.M. Bond, Highly selective
and sensitive DNA assay based on electrocatalytic oxidation of ferrocene
bearing zinc(II)-cyclen complexes with diethylamine, J. Am. Chem. Soc. 132
(2010) 10053e10063.

[34] A.A. Sina, S. Howell, L.G. Carrascosa, S. Rauf, M.J.A. Shiddiky, M. Trau, eMet-
hylsorb: electrochemical quantification of DNA methylation at CpG resolution
using DNA-gold affinity interactions, Chem. Commun. 50 (2014)
13153e13156.

[35] K.M. Koo, A.A. Sina, L.G. Carrascosa, M.J.A. Shiddiky, M. Trau, eMethylsorb:
rapid quantification of DNA methylation in cancer cells on screen-printed
gold electrodes, Analyst 139 (2014) 6178e6184.

[36] H. Kimura-Suda, D.Y. Petrovykh, M.J. Tarlov, L.J. Whitman, Base-dependent
competitive adsorption of single-stranded DNA on gold, J. Am. Chem. Soc. 125
(2003) 9014e9015.

[37] J.J. Storhoff, R. Elghanian, C.A. Mirkin, R.L. Letsinger, Sequence-dependent
stability of DNA-modified gold nanoparticles, Langmuir 18 (2002)
6666e6670.

[38] Y. Hu, K.Y. Lam, T.S. Wan, W. Fang, E.S. Ma, L.C. Chan, G. Srivastava, Estab-
lishment and characterization of HKESC-1, a new cancer cell line from human
esophageal squamous cell carcinoma, Cancer Genet. Cytogenet 118 (2000)
112e120.

[39] L.C. Cheung, J.C. Tang, P.Y. Lee, L. Hu, X.Y. Guan, W.K. Tang, G. Srivastava,
J. Wong, J.M. Luk, S. Law, Establishment and characterization of a new
xenograft-derived human esophageal squamous cell carcinoma cell line
HKESC-4 of Chinese origin, Cancer Genet. Cytogenet 178 (2007) 17e25.

[40] M.H. Haque, V. Gopalan, S. Yadav, M.N. Islam, E. Eftekhari, Q. Li,
L.G. Carrascosa, N.T. Nguyen, A.K. Lam, M.J.A. Shiddiky, Detection of regional
DNA methylation using DNA-graphene affinity interactions, Biosens. Bio-
electron. 87 (2016) 615e621.

[41] J. Zhang, S. Song, L. Zhang, L. Wang, H. Wu, D. Pan, C. Fan, Sequence-specific
detection of femtomolar DNA via a chronocoulometric DNA sensor (CDS):
effects of nanoparticle-mediated amplification and nanoscale control of DNA
assembly at electrodes, J. Am. Chem. Soc. 128 (2006) 8575e8580.

[42] P.S. Ho, C.A. Frederick, D. Saal, A.H. Wang, A. Rich, The interactions of ruthe-
nium hexaammine with Z-DNA: crystal structure of a Ru(NH3)6þ3 salt of
d(CGCGCG) at 1.2 A resolution, J. Biomol. Struct. Dyn. 4 (1987) 521e534.

[43] S. Piana, A. Bilic, The nature of the adsorption of nucleobases on the gold [111]
surface, J. Phys. Chem. B 110 (2006) 23467e23471.

[44] M.H. Haque, V. Gopalan, K.W. Chan, M.J.A. Shiddiky, R.A. Smith, A.K. Lam,
Identification of novel FAM134B (JK1) mutations in oesophageal squamous
cell carcinoma, Sci. Rep. 6 (2016) 29173.

[45] W.K. Tang, C.H. Chui, S. Fatima, S.H. Kok, K.C. Pak, T.M. Ou, K.S. Hui,
M.M. Wong, J. Wong, S. Law, S.W. Tsao, K.Y. Lam, P.S. Beh, G. Srivastava,
A.S. Chan, K.P. Ho, J.C. Tang, Oncogenic properties of a novel gene JK-1 located
in chromosome 5p and its overexpression in human esophageal squamous
fication of gene-specific DNA methylation in oesophageal cancer via
6/j.aca.2017.04.034

http://dx.doi.org/10.1016/j.aca.2017.04.034
http://dx.doi.org/10.1016/j.aca.2017.04.034
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref1
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref1
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref1
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref2
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref2
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref2
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref3
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref3
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref3
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref3
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref3
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref4
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref4
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref4
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref4
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref5
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref5
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref5
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref6
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref6
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref6
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref6
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref6
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref7
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref7
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref7
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref7
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref7
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref7
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref8
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref8
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref8
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref8
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref8
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref8
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref9
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref9
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref9
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref9
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref10
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref10
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref10
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref10
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref11
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref11
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref11
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref11
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref12
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref12
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref12
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref13
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref13
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref13
http://dx.doi.org/10.1016/j.bios.2016.10.034
http://dx.doi.org/10.1016/j.bios.2016.10.034
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref15
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref15
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref16
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref16
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref16
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref16
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref17
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref17
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref17
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref17
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref18
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref18
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref18
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref18
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref18
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref19
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref19
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref19
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref19
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref20
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref20
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref20
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref21
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref21
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref21
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref21
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref22
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref22
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref22
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref22
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref23
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref23
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref23
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref23
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref24
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref24
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref24
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref25
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref25
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref25
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref25
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref26
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref26
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref26
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref26
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref27
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref27
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref27
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref27
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref28
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref28
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref28
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref28
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref28
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref29
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref29
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref29
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref29
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref30
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref30
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref30
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref31
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref31
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref31
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref31
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref32
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref32
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref32
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref33
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref33
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref33
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref33
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref33
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref34
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref34
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref34
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref34
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref34
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref35
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref35
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref35
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref35
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref36
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref36
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref36
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref36
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref37
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref37
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref37
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref37
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref38
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref38
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref38
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref38
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref38
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref39
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref39
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref39
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref39
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref39
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref40
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref40
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref40
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref40
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref40
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref41
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref41
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref41
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref41
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref41
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref42
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref42
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref42
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref42
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref42
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref43
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref43
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref43
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref44
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref44
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref44
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref45
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref45
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref45
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref45
Md. Hakimul Haque
Typewritten Text
Screening clinically relevant biomarkers in cancer                                                                                      Chapter 7

Md. Hakimul Haque
Typewritten Text
Md. Hakimul Haque (s2864831)                                               162                                              School of Medicine



Md.H. Haque et al. / Analytica Chimica Acta xxx (2017) 1e1010
cell carcinoma, Int. J. Mol. Med. 19 (2007) 915e923.
[46] K. Kasem, V. Gopalan, A. Salajegheh, C.T. Lu, R.A. Smith, A.K.Y. Lam, The roles

of JK-1(FAM134B) expressions in colorectal cancer, Exp. Cell Res. 326 (2014)
166e173.

[47] F. Islam, V. Gopalan, R. Wahab, R.A. Smith, B. Qiao, A.K. Lam, Stage dependent
expression and tumor suppressive function of FAM134B (JK1) in colon cancer,
Mol. Carcinog. 56 (2016) 238e249.

[48] T. Mikeska, I.L. Candiloro, A. Dobrovic, The implications of heterogeneous DNA
methylation for the accurate quantification of methylation, Epigenomics 2
(2010) 561e573.

[49] A. Kerjean, J.M. Dupont, C. Vasseur, D. Le Tessier, L. Cuisset, A. P�aldi,
P. Jouannet, M. Jeanpierre, Establishment of the paternal methylation imprint
Please cite this article in press as: Md.Hakimul-g.H. Haque, et al., Quanti
electrochemistry, Analytica Chimica Acta (2017), http://dx.doi.org/10.101
of the human H19 and MEST/PEG1 genes during spermatogenesis, Hum. Mol.
Genet. 9 (2000) 2183e2187.

[50] V.J. Bailey, H. Easwaran, Y. Zhang, E.S. Griffiths, A. Belinsky, J.G. Herman,
S.B. Baylin, H.E. Carraway, T.H. Wang, MS-qFRET: a quantum dot-based
method for analysis of DNA methylation, Genome Res. 19 (2009) 1455e1461.

[51] I. Van der Auwera, W. Yu, L. Suo, L. Van Neste, P. van Dam, E.A. Van Marck,
P. Pauwels, P.B. Vermeulen, L.Y. Dirix, S.J. Van Laere, Array-based DNA
methylation profiling for breast cancer subtype discrimination, PLoS One 5
(2010) e12616.

[52] J. Zhang, B. Xing, J. Song, F. Zhang, C. Nie, L. Jiao, L. Liu, F. Lv, S. Wang, Asso-
ciated analysis of DNA methylation for cancer detection using CCP-based FRET
Technique, Anal. Chem. 86 (2014) 346e350.
fication of gene-specific DNA methylation in oesophageal cancer via
6/j.aca.2017.04.034

http://refhub.elsevier.com/S0003-2670(17)30506-8/sref45
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref45
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref46
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref46
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref46
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref46
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref47
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref47
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref47
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref47
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref48
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref48
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref48
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref48
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref49
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref49
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref49
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref49
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref49
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref49
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref50
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref50
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref50
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref50
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref51
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref51
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref51
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref51
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref52
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref52
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref52
http://refhub.elsevier.com/S0003-2670(17)30506-8/sref52
Md. Hakimul Haque
Typewritten Text
Screening clinically relevant biomarkers in cancer                                                                            Chapter 7

Md. Hakimul Haque
Typewritten Text
Md. Hakimul Haque (s2864831)

Md. Hakimul Haque
Typewritten Text
                               

Md. Hakimul Haque
Typewritten Text
                                       163                                              School of Medicine



Supplementary data 

for 

Quantification of Gene-specific DNA Methylation in Oesophageal 

Cancer via Electrochemistry 

 

Md. Hakimul Haqueab, Vinod Gopalana*
,
 Md. Nazmul Islamb, Mostafa Kamal Masudb,c, 

Ripon Bhattacharjee b, Md Shahriar Al Hossainc, Nam-Trung Nguyenb, Alfred K. Lama*, and 

Muhammad J. A. Shiddikyb* 

 

 

Table 1 

List of the primer sequences used in this study. The CpG sites in methylated and 

unmethylated samples are highlighted with green and orange colour. 

Target genes   Oligonucleotide Sequences (5'--3′) 
…………………………………………………………………………………………………………………………………… 

 

FAM134B-F   AGAGGTTTTTTAGGAATTTAGAGTTTTT 

 

FAM134B-R   CCATCTTCAACTATACTTCCAAACAAA 

 

HBD-F    CAGCATCAGGAGTGGACAGA 

 

HBD-R    CTCGGCGGCACCCAC 

 

11 CpG sites   ACGAAACCGAACGCGCGCGCGAACGCGCCTAAATATAAATACCGCCGA 

 

5 CpG sites   ACAAAACCGAACACGCACGCAAACGCACCTAAATATAAATACCGCCAA 

 

1 CpG sites   ACGAAACCAAACACACACACAAACACACCTAAATATAAATACCACCAA 

 

O CpG sites               ACAAAACCAAACACACACACAAACACACCTAAATATAAATACCACCAA 
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Methylation Specific High Resolution Melting Curve Analysis (MS-HRM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. The MS-HRM curve analysis for DNA methylation detection of FAM134B gene 

promoter region in ESCC. Representative MS-HRM curves for 100% methylated Jurkat, 

fully unmethylated (0%) WGA and diluted 50% methylated standards along with (A) three 

ESCC cell lines (KYSE-510, HKESC-1 and HKESC-4), (B) four patient (P1, P2, P3, and P4) 

and one normal samples (N1), and (C) four patient (P5, P6, P7, and P8) and one normal 

sample (N2). 
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Sanger sequencing analysis 

 

 

  

 

  

  

  

 

Fig. S2. Representative Sanger sequencing analysis for 100% methylated Jurkat and fully 

unmethylated (0%) WGA. 
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Fig. S3. Representative Sanger sequencing analysis for DNA methylation detection of 

FAM134B gene promoter region in HKESC cell lines of ESCC. 

 

 

 

 

  

 

  

 

 

 

Fig. S4. Representative Sanger sequencing analysis for DNA methylation detection of 

FAM134B gene promoter region in P5 and P2 tissue samples of ESCC. 
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Introduction 

We developed a new method for quantifying global DNA methylation in an  integrated 

approach consisting of both colorimetric and electrochemical methods. To develop a first 

pass screening, we first demonstrated a colorimetric method which enables the naked-eye 

detection of methylation. Initially, extracted, bislufite treated and denatured ssDNA was 

directly adsorbed onto an SPE-Au followed by the immuno-recognition of methylated 

region using HRP conjugated anti-mC antibody. Enzymatic oxidation of TMB resulted 

in a coloured complex which can be evaluated with naked-eye and quantified by 

measuring absorbance at 450nm. Next we developed an electrochemical method for 

quantifying global DNA methylation. Since, TMB(ox) is electrochemically active, 

detectable amount of amperometric current is observed at 150mV vs Ag pseudo-reference 

electrode on SPE-Au. Compared to exisiting related approaches, our assay has 

comparable specificity and reproducibility. Our method can sensitivily detect as low as 

5% differences in methylation levels while analysing various levels of global DNA 

methylation in synthetic samples and cell lines. The method has further been successfully 

challenged in eight tissues samples collected from patients with ESCC.  The methods 

developed here are highly sensitive, cost-effective and relatively rapid. Thus we believe 

that our assay will find its relevance as a low-cost and rapid methylation screening tools 

in clinical settings.  
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Colorimetric and electrochemical quantification of
global DNA methylation using a methyl cytosine-
specific antibody†

Md. Hakimul Haque,‡a,b Ripon Bhattacharjee, ‡b Md. Nazmul Islam, b

Vinod Gopalan,*a Nam-Trung Nguyen, b Alfred K. Lam*a and
Muhammad J. A. Shiddiky *b,c

We report a simple colorimetric (naked-eye) and electrochemical method for the rapid, sensitive and

specific quantification of global methylation levels using only 25 ng of input DNA. 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 a horseradish

peroxidase (HRP)-conjugated methylcytosine (HRP-5mC) antibody and (iii) subsequent colorimetric

detection by the enzymatic oxidation of 3,3’,5,5’-tetramethylbenzidin (TMB)/H2O2 which generated a

blue-coloured product in the presence of methylated DNA and HRP-5mC immunocomplex. As TMB(ox) is

electroactive, it also produces detectable amperometric current at +150 mV versus a Ag pseudo-refer-

ence electrode (electrochemical detection). The assay could successfully differentiate 5-aza-2’-deoxy-

cytidine drug-treated and untreated Jurkat DNA samples. It showed good reproducibility (relative standard

deviation (% RSD) = <5%, for n = 3) with fairly good sensitivity (as low as 5% difference in methylation

levels) and specificity while analysing various levels of global DNA methylation in synthetic samples and

cell lines. The method has also been tested for analysing the methylation level in fresh tissue samples col-

lected from eight patients with oesophageal squamous cell carcinoma. We believe that this assay could

be potentially useful as a low-cost alternative for genome-wide DNA methylation analysis in point-of-

care applications.

Introduction

Alterations in the DNA methylation landscape are one of the
crucial and early events in the pathogenesis of many chronic
diseases including cancers.1 DNA methylation occurs predomi-
nantly in cytosine/guanine (CpG) dinucleotide areas located in
the promoter regions of genes in mammals.2 Human genome
contains about 28 million CpG, 70–80% of which are methyl-
ated.3,4 Both global hypomethylation (i.e., gradual loss in
methylation levels throughout the genome) and regional

hypermethylation (i.e., acquisition of increasing 5mC levels in
gene promoters) are reportedly involved in cancer patho-
genesis via dysregulation of various cellular pathways includ-
ing chromatin modulation, genomic stability, transcription of
proto-oncogenes, and activation of tumour suppressor
genes.5–9 For instance, several studies have demonstrated the
strong correlation between global methylation with the pro-
gression of oesophageal squamous cell carcinoma (ESCC).10–12

In ESCC, aberrant global methylation (mostly hypomethyl-
ation) was found to be involved in the silencing and alterations
of several key genes associated with tumour progression such
as cell cycle genes, DNA repair genes and genes responsible
for Wnt and TGF-β signalling pathways.10,11 Therefore, screen-
ing of DNA methylation across the genome can aid in the diag-
nosis, prognosis and therapeutics of cancer thereby enabling
more personalized patient care.

Currently, the major challenges in DNA methylation bio-
marker discovery include obstacles in assay development,
detection of patient specific methylation load, and varying sen-
sitivity and specificity.13 Until recently, several conventional
methods have been developed to profile global methylation

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
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including high performance liquid chromatography (HPLC),14

mass spectrometry (MS),15 and bisulfite modification of DNA
followed by some form of sequencing.16 While the analytical
excellence of these methods is widely acknowledged, they are
not suitable for methylation analysis in any decentralized set-
tings where sophisticated and expensive laboratory-based
equipment is lacking. Consequently, in recent years, extensive
progress in nanobiotechnology and epigenetic fields has led to
the development of a number of biosensing strategies for
methylation analysis which mostly rely on optical and electro-
chemical readouts.17,18

A common approach in the methylation detection tech-
niques is the use of affinity capture molecules such as methyl
CpG-binding domain (MBD) proteins along with array hybridiz-
ation and next generation sequencing (NGS).19 MBD have also
been used for developing optical and electrochemical readouts
for quantifying methylation levels both at the regional and
global scale.20–23 However, it has been reported that a restriction
enzyme is commonly required in the MBD based assay to
avoid the non-specific bindings.18 Additionally, MBD cannot
effectively bind single stranded DNA (ssDNA) and are only
specific for a selected portion of CpG regions.24 The methyl-
cytosine (5mC) antibody, in contrast, can recognise and bind
5mC in any CpG region (i.e., sequence specificity is not
required) allowing the relatively easy quantification of methyl-
ation events in the genome.24,25 Hence, the 5mC antibody has
been employed in several methylation assays based on SPR,26

electrochemistry21 and electrochemiluminescence27 readouts.
Also, most of these approaches commonly use restriction
enzymes and other complicated steps associated with sensor
fabrication.

Herein, we have introduced, as a proof-of-concept, a rela-
tively simple methylation assay to detect global DNA methyl-
ation. In this method, extracted genomic DNA was first bi-
sulfite treated and denatured at 95 °C. The resultant ssDNA
was directly adsorbed onto an unmodified disposable screen-
printed electrode (SPE-Au) followed by the immuno-reco-
gnition of the methylated region using the HRP-5mC antibody.
Then, in the presence of 3,3′,5,5′-tetramethylbenzidin (TMB)/
H2O2, the enzymatic oxidation of TMB resulted in a blue-
coloured complex which enabled the colorimetric quantifi-
cation (naked-eye) of global methylation. In addition to a col-
orimetric readout, using the electrochemical properties of
TMB(ox), genome-wide methylation is also detected via the
chronoamperometric method. Finally, the method was deve-
loped for quantifying methylation in ESCC cell lines and clinical
samples. While most of the existing methods require highly
sophisticated instruments, the colorimetric (naked eye) and
electrochemical detection based approaches described here
rely on the significantly simplified sensor design and use of
minimal and inexpensive equipment for the analysis of global
DNA methylation which could be applicable for resource-poor
diagnostic settings. As the healthcare sector becomes increas-
ingly decentralized, we believe that our method has high trans-
lational potential in the next generation point-of-care platform
for screening human diseases.

Experimental
Reagents and chemicals

Unless otherwise noted, all reagents and chemicals were
analytical grade and purchased from Sigma Aldrich (Sydney,
NSW, Australia). UltraPure DNase/RNase-free distilled water
was obtained from Invitrogen (Carlsbad, CA, USA). Screen-
printed gold electrodes (SPE-Au, diameter = 4 mm) were
acquired from Dropsens (Llanera, Asturias, Spain). TMB sub-
strate solutions were purchased from Thermo Fisher Scientific
Australia Pty Ltd (Scoresby, VIC, Australia). The methylcytosine
antibody and HRP conjugation kit were purchased from
Abcam (Melbourne, VIC, Australia).

Preparation of genomic DNA

Eight fresh frozen tissue samples from patients with ESCC and
two matched non-neoplastic oesophageal mucosae (as con-
trols) were recruited for this study. For the use of these
samples, ethical approval was taken from the Griffith
University human research ethics committee (GU Ref no.:
MED/19/08/HREC and MSC/17/10/HREC). After histopathologi-
cal confirmation, genomic DNA was isolated and purified from
all these tissues using a DNA/RNA mini kit which is specifi-
cally designed for both DNA and RNA purification from fresh
tissues (Qiagen, Hilden, Germany). Also, two ESCC cell lines
(HKESC-1 and HKESC-4) were provided by our research
group.28,29 Another ESCC cell line, KYSE-510, was purchased
from Leibniz Institute DSMZ (German collection of micro-
organisms and cell cultures). A blood and cell culture
DNA mini kit (Qiagen, Hilden, Germany) was used for the
purification of DNA from these ESCC cell lines.

Whole genome amplification DNA was constructed using
the protocol of the REPLI-g whole genome amplification kit
(Qiagen) and purified using the protocol of the DNeasy Blood
and Tissue kit (Qiagen). The highly methylated genomic DNA
(M-WGA) was prepared following the manufacturer’s instruc-
tion of New England BioLabs (Ipswich, MA, USA). The methyl-
ation conversion efficiency of SssI-treated DNA was examined
using a methylation sensitive HpaII restriction enzyme (data
not shown). Jurkat (100% methylated) and 5-aza-2′-deoxycyti-
dine (5-Aza)-treated Jurkat genomic DNA samples were pur-
chased from New England BioLab.

Bisulfite modification

Approximately 500 ng of the extracted genomic DNA from each
sample was taken for bisulfite treatment. Bisulfite treatment
and purification of the extracted genomic DNA were done by
using the MethylEasy Xceed kit (Human Genetic Signatures
Pty. Ltd, NSW, Australia) following the manufacturer’s proto-
cols. This treatment converts unmethylated cytosines to uracils
while methylated cytosines remain unchanged. A Nanodrop
spectrophotometer (BioLabs, Ipswich, MA, USA) was used for
quantifying the purity of DNA. The concentration of bisulfite
treated DNA was noted in ng µL−1 and then stored at −20 °C
until use.
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Conjugation of 5mC antibody

The 5mC monoclonal antibody was conjugated with HRP by
the HRP conjugation kit (Abcam) according to the manufac-
turer’s instructions. Briefly, 1.0 μL of a modifier reagent was
mixed gently with the 10 μL of 5mC antibody (1.0 mg mL−1).
Then, the 5mC antibody with a modifier mixture was added
directly to the lyophilized HRP mixture and resuspended two
times by pipetting. The complex was then kept overnight in
the dark at room temperature to facilitate the conjugation of
the antibody with HRP. After the incubation, 1.0 μL quencher
reagent was mixed gently into the solution. The conjugated
antibody (i.e., HRP-5mC) solution was stored at 4 °C.

Determination of the surface area of the electrodes

The effective areas of the SPE-Au were determined by the
measurement of the peak current obtained as a function of the
scan rate under cyclic voltammetric conditions for the one-
electron reduction of [Fe(CN)6]

3− [2.0 mM in PBS (0.5 M KCl)]
and by using the Randles–Sevcik equation (eqn (1)),30,31

ip ¼ ð2:69� 105Þ n3=2AD 1=2Cν 1=2 ð1Þ

where, ip is the peak current (A), n is the number of electrons
transferred (Fe3+→Fe2+, n = 1), A is the effective area of the elec-
trode (cm2), D is the diffusion coefficient of [Fe(CN)6]

3− (taken
to be 7.60 × 10−5 cm2 s−1), C is the concentration (mol cm−3),
and ν is the scan rate (V s−1).

Chronoamperometric and colorimetric detection of global
DNA methylation

Bisulfite-treated DNA samples were denatured at 95 °C for
10 min to form ssDNA and then, gradually cooled to room
temperature for subsequent experiments. For DNA sample
analysis, 5.0 μL denatured ssDNA samples were diluted in 5×
sodium saline citrate (SSC) buffer to get 25 ng of DNA. Then,
5.0 μL of each denatured DNA sample were directly dropped
onto a clean SPE-Au and allowed to adsorb for 10 min. The
electrodes were then washed three times with 10 mM phosphate
buffered saline (PBS) at a pH of 7.4. After air drying of the
electrode, 10 ng µL−1 of HRP-5mC antibody was placed onto the
electrode surface and incubated for 30 min at room temperature
with gentle shaking (unless otherwise stated) to facilitate the
binding of the antibody with ssDNA. Then, the electrode was
again washed three times with 10 mM PBS to remove all
unbound HRP-5mC antibody. Finally, 50 µL of TMB substrate
solution was added onto the gold electrode surface and incu-
bated for 15 min in the dark. The color change was visually
observed. For quantitative measurements of color change,
2.0 μL of hydrochloric acid solution (2.0 M HCl) was added, and
absorbance readings were recorded at 450 nm using a spectro-
photometer (SpectraMax). To perform electrochemical measure-
ments, a CH1040C potentiostat (CH Instruments, TX, USA) was
used. Chronoamperometric measurements were conducted in
the presence of 50 µL of the complex onto the SPE-Au surface
with a potential of +150 mV. The current levels generated at 60 s
were used for quantitative measurement.

Results and discussion
Assay principle

The assay protocol for analysing genome-wide DNA methyl-
ation in ESCC is schematically depicted in Fig. 1. In this study,
a methylation specific antibody was used to selectively recog-
nise the methylated cytosine in the ssDNA sequence. Briefly,
genomic DNA samples were extracted and purified from ESCC
cells and tissues (see the Experimental section for details).
They were then bisulfite treated and denatured (at 95 °C for
10 min) to generate ssDNA. Previously, we32,33 and other
researchers34 have successfully demonstrated that due to the
sequence specific (A > C > G > T) affinity of DNA towards the
gold surface, ssDNA can be adsorbed on an unmodified gold
electrode. Thus, the denatured ssDNA samples were directly
adsorbed on the SPE-Au for 10 min. The HRP-5mC antibody
was then incubated for 30 min on the SPE-Au for recognizing
methylated DNA. After removing the unbound HRP-5mC anti-
body via a washing step, TMB substrate solution was added on
the electrode surface. HRP/H2O2 catalyses the oxidation of
TMB that generates a blue-coloured complex, which turns
yellow after the addition of an acid solution to the reaction
media. This yellow product has been recognized as a two-elec-
tron oxidation product (diimine) which is stable in the acid
solution. The intensity of the coloured product is directly pro-
portional to the amount of the captured HRP-5mC antibody,
which is, in turn, proportional to the level of methylation in
the sample. As TMB is electroactive, the amount of enzymati-
cally generated TMB(ox) was chronoamperometrically measured
by applying the potential of +150 mV at SPE-Au.

Assay optimization and minimizing nonspecific adsorption of
HRP-5mC antibody

The level of adsorption of the target DNA on an unmodified
SPE-Au relies on the adsorption time, pH in the solution and
the amount of DNA. Previously, these parameters have been
optimized for the electrochemical detection of gene specific
DNA methylation and RNA based biomarkers in cancer.32–35 In
this assay, unless otherwise stated, 25 ng of target DNA diluted
in 5× SSC (pH 7.4) was adsorbed on the SPE-Au for 10 min.
The analytical performance of the assay is also dependent on
the amount of 5mC antibody. Therefore, we optimized the con-
centration of the HRP-5mC antibody. To perform this, a series
of HRP-5mC antibody concentrations such as 5, 10, 25, 50 and
100 ng µL−1 were tested by chronoamperometric measure-
ment. As can be seen in Fig. S1,† relatively high current den-
sities resulted for all concentrations except 5 ng µL−1. Notably,
the current density for the 10 ng µL−1 antibody concentration
was almost similar to that obtained for >10 ng µL−1 concen-
tration, and thus 10 ng µL−1 was selected as the optimal con-
centration for the described assay.

To check the nonspecific adsorption of the HRP-5mC anti-
body onto the surface of the unmodified SPE-Au electrode, 10
ng µL−1 HRP-5mC antibody was directly placed onto the gold
electrode surface and incubated for 30 min at room tempera-
ture with gentle shaking. Then, the electrode was washed three
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times with 10 mM PBS. 50 µL of the TMB substrate solution
was added onto the gold electrode surface and incubated in
the dark at room temperature for 15 min. The level of chrono-
amperometric current and naked-eye visualization color
(Fig. S2†) suggests that the nonspecific adsorption of the
HRP-5mC antibody is negligible. Notably, these data are
almost identical to that obtained for U-WGA (fully unmethyl-
ated) samples.

Heterogeneous sample design and analysis

Global DNA methylation plays a crucial role in the patho-
genesis of ESCC by altering the expression of different genes.
It was reported that the heterogeneity of DNA methylation at
the genomic scale has a significant impact on the progression
of ESCC.36 The accurate quantification of heterogeneous
genome-wide DNA methylation could have significant impli-
cations for the prediction of clinical prognosis in human
cancers.37 Thus, it is important to quantify the different
graded DNA methylations in a high background of unmethyl-
ated DNA samples. To examine the heterogeneity at the
genome-wide DNA methylation level, we first constructed the
designated proportions of methylated and unmethylated
samples using Jurkat (100% methylated; used as positive
control samples) and unmethylated whole genome amplified
(U-WGA; used as negative control samples) DNA. A series of
heterogeneous samples were then prepared by mixing the
Jurkat and U-WGA DNA sequences to get 0%, 5%, 10%, 25%,
50%, 75%, and 100% methylated samples and they were ana-

lysed via our colorimetric and electrochemical assays under
optimized conditions (Fig. 2).

In the colorimetric method, due to the interaction between
HRP-5mC and TMB substrate solution, a coloured complex
was produced which is related to the level of methylation. As
expected, the fully methylated positive control samples (Jurkat)
gave a strong blue coloured complex compared to the negative
control samples (0% methylated; U-WGA). The color intensity
was increased (Fig. 2B, from right to left) with the increasing
percentage of methylation. This can be explained by the fact
that with an increasing number of methylated CpG sites, the
amount of HRP-5mC increased leading to a higher concen-
tration of the enzymatically generated diimine complex (i.e.,
high intensity). Notably, the color observed from 5% methyl-
ated samples (light blue) could be easily distinguished from
U-WGA (light purple) (Fig. 2B) thereby demonstrating that our
assay can detect as low as 5% methylation by naked-eye evalu-
ation. After stopping the enzymatic oxidation of TMB substrate
solution with an acid, the subtle colour changes derived from
heterogeneous samples were further quantified by absorbance
(Abs) measurements via UV-vis at the wavelength of 450 nm.
As shown in Fig. 2A, the linear regression equation was esti-
mated to be y (Abs@450 nm) = 0.0081 (% methylation) +
0.09928 with a correlation coefficient (R2) of 0.94424. The
minimum detectable Abs was found in 5% methylated
samples. The positive control (Abs@450 nm = 0.80) consist-
ently produced an Abs of at least 5-times higher than that of
U-WGA (Abs@450 nm = 0.095) while detectable Abs differences

Fig. 1 Schematic of the global DNA methylation detection assay. Initially, the bisulfite-treated and denatured ssDNA was adsorbed onto a SPE-Au
surface followed by immunorecognition of methylated DNA using the HRP-5mC antibody. Subsequent detection of the genomic DNA methylation
pattern was performed through coupling reaction of HRP with the TMB/H2O2 complex on the SPE-Au surface via naked-eye, UV-vis and chrono-
amperometry. Inset: Typical chronoamperometric signals showing the methylated DNA that produces higher amperometric currents in comparison
with unmethylated DNA.
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exist among the heterogeneous samples containing 5%, 10%,
25%, 50% and 75% methylated DNA. These data clearly show
that the colorimetric assay is highly specific for quantifying
global DNA methylation in heterogeneous samples.

To check electrochemical quantification, the chrono-
amperometric current density for the heterogeneous sample con-
taining designated 0%, 5%, 10%, 25%, 50%, 75%, and 100%
methylated levels was measured. As can be seen in Fig. 2D, sig-
nificant differences in the current density were observed for all
these samples. The linear regression equation was estimated
to be y (current density, µA cm−2) = 0.3114 (% methylation) +
0.0166 with a correlation coefficient (R2) of 0.98318 (Fig. 2C).
Similar to colorimetric measurements (shown in Fig. 2A and
B), a methylation change as low as 5% could be detected from
25 ng input DNA. These findings clearly showed that our
approach is highly sensitive to detect global DNA methylation
in a low amount of starting DNA. It is worth noting that our
findings are comparable to the recent approaches.23,38 In
addition, our approach is highly comparable to different
traditional methods such as HPLC (Kuo et al., 1980)39 and MS
methods.15 While these conventional methods consider all
cytosines across the genome to quantify methylation, our
approach only screens the methylated CpG sites for quantify-
ing global methylation.

Assay validation using a demethylating agent

To further validate the analytical performances of our assay,
we applied our approach for analysing the status of global
DNA methylation in human cancer cells before and after treat-
ment with the demethylating drug, 5-Aza. For this, 5-Aza-

treated and untreated Jurkat, highly methylated (M-WGA) and
unmethylated (U-WGA) genomic DNA samples were used for
the methylation analysis using naked-eye, UV-vis and chrono-
amperometric readouts (Fig. 3). In our assay, distinct colour
intensity differences were observed between 5-Aza treated DNA
and other control DNA samples (i.e., M-WGA Jurkat and
U-WGA samples) during the naked-eye observation (Fig. 3B).
As expected, the relative Abs data obtained for the M-WGA and
100% methylated Jurkat DNA samples are significantly higher
than that of 5-Aza-treated and U-WGA samples. The ampero-
metric current density for the M-WGA and 100% methylated
Jurkat DNA samples is also higher than that of 5-Aza-treated
and U-WGA (2.35 and 1.90 µA cm−2 versus 0.50 and
0.20 µA cm−2 respectively) samples (Fig. 3C). These data clearly
demonstrate that our assay could differentiate 5-Aza-treated
and untreated Jurkat DNA samples and distinguish between
M-WGA and U-WGA samples. These results are consistent with
the previous findings,40 suggesting the potential application of
our method in tracking patient response to demethylating
drug treatment.

Cancer cell line sample analysis

To demonstrate our assay in a complex biological application,
we have challenged our colorimetric and electrochemical
methods for detecting genome-wide DNA methylation in the
ESCC cell line (HKESC-4, KYSE-510 and HKESC-1) samples. To
perform the analysis, genomic DNA extracted from cell lines
was bisulfite treated and denatured to form ssDNA. As seen in
Fig. 4A, Abs values obtained for the three ESCC cell lines and
Jurkat DNA were significantly higher in comparison with

Fig. 2 Calibration plots obtained for the mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current density for the hetero-
geneous sample containing 0%, 5%, 10%, 25%, 50%, 75%, 90% and 100% methylation. (B) and (D) show the corresponding photos and
chronoamperograms respectively. Each data point in (A) and (C) represents the average of three repeated trails, and error bars represent the standard
deviation of measurements (%RSD = <5%, for n = 3).
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Fig. 3 Mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current density for the highly methylated genomic DNA (M-WGA),
before and after 5-Aza drug-treated (i.e., Jurkat and 5-Aza) and U-WGA samples. (B) Shows representative photos for the naked-eye detection. Each
data point in (A) and (C) represents the average of three repeated trails, and error bars represent the standard deviation of measurements (%RSD =
<5%, for n = 3).

Fig. 4 Mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current density for the ESCC cell lines (KYSE-510, HKESC-1, HKESC-4),
Jurkat and U-WGA samples. (B) Shows representative photos for the naked-eye detection. Each data point in (A) and (C) represents the average of
three repeated trails, and error bars represent the standard deviation of measurements (%RSD = <5%, for n = 3).
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U-WGA samples indicating the presence of a different level of
methylation in the cancer cell lines. As can be seen in the
picture (Fig. 4B), these differences can also be easily distin-
guished by naked-eye examination. Furthermore, the chrono-
amperometric readout of these samples (Fig. 4C) also gives a
similar trend of the methylation level where cell line samples
showed a considerably higher current density compared to
that of the negative control. Overall, these findings indicate
that genomic DNAs from KYSE-510 and HKESC-1 cells contain
a high level of methylation (i.e., hypermethylation) as com-
pared to that of the HKESC-1 (i.e., partially methylated). These
data demonstrated that our assay could act as an effective
alternative method for detecting global DNA methylation in
cell-derived samples.

Clinical sample analysis

To further demonstrate the clinical application of our assay,
we analysed the global DNA methylation levels in eight tissue
samples from patients with metastatic ESCC. Two non-
neoplastic mucosae were used as the controls. As seen in
Fig. 5A, the naked-eye detection can easily distinguish the
different levels of methylation present in the cancer samples
when compared to the controls. By comparing the Abs level
using UV-vis experiment, we can also easily estimate that
cancer DNA samples obtained from P1, P3, P4, P6, P7 and P8
were highly methylated at the genomic scale, and P2 and P5
were partially methylated when compared to non-neoplastic
control samples (Fig. 5B). We also tested these samples using
the chronoamperometric approach and found that our data
were in good agreement with those obtained from colorimetric
studies (both naked-eye and Abs measurements). Current

density data revealed that P1, P3, P4, P6, P7 and P8 were
highly methylated at the genomic scale when compared to P2,
P5 and non-neoplastic samples (Fig. 5C). Furthermore, the
interassay variation was found to be less than 5% (%RSD = <5%,
for n = 3), indicating the good reproducibility of our assay.
These data clearly indicate that the current density generated
from our approach is able to quantify the global methylation
level in tissue samples from patients with ESCC. In compari-
son with the MBD-based flow cytometry41 or the oxygen chan-
nelling assay,42 our assay has similar analytical performance
in detecting global DNA methylation while the analysis time is
relatively faster.

Potential application of our assay

In comparison with the many existing approaches for quantify-
ing global methylation, our assay offers several unique features
which could underpin the possibility of providing relatively
rapid diagnostic results in resource-poor settings. First, the
assay is suitable for both colorimetric (naked eye) evaluation
and electrochemical quantification where naked eye evaluation
could be used as a first-pass screening of a large amount of
samples (a method capable of giving a yes/no answer is par-
ticularly important when a large sample screening is necessary
within a very short time) and the subsequent electrochemical
readout can be used for quantifying the level of methylation
present in each sample. Second, the assay is relatively rapid (it
eliminates the asymmetric PCR step; the disposable nature of
the SPE-Au also avoids a complicated cleaning procedure
associated with conventional disk electrode-based sensors).
Third, our assay is cost-effective due to the use of the highly in-
expensive disposable SPE-Au (AUD $4/electrode). It is note-

Fig. 5 Mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current density for the one normal (N) and eight (P1–P8) oesophageal
cancer tissue samples. (B) Shows representative photos for the naked-eye detection. Each data point in (A) and (C) represents the average of three
repeated trails, and error bars represent the standard deviation of measurements (%RSD = <5%, for n = 3).
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worthy that the assay significantly reduces the cost and time
without affecting the sensitivity of the assay (it can quantify as
low as 5% methylation differences from complex hetero-
geneous samples). Fourth, the approach has extensively simpli-
fied sensor design as it employs direct adsorption of the target
ssDNA on an unmodified SPE-Au without the use of a capture
probe based hybridization protocol. Taken together, these dis-
tinct features including the minimal equipment benefits of
the colorimetric sensor along with the versatility and sensi-
tivity of the electrochemical method offer a promising possi-
bility towards the point-of-care screening of methylation in
resource-limited settings.

Conclusions

We have developed a relatively simple naked-eye colorimetric
and electrochemical method based on the direct conjugation
of denatured DNA (without PCR) and immunorecognition of
the methylated cytosine on the SPE-Au. The amperometric
detection was found to be more effective and sensitive in com-
parison with the colorimetric detection system. The assay was
sensitive to as low as 5% differences in global DNA methyl-
ation with good reproducibility (% RSD = <5%, n = 3) from 25
ng DNA in 90 min. We successfully applied the assay to quan-
tify the global DNA methylation in a panel of ESCC cells and
clinical samples collected from patients with ESCC. We have
also demonstrated the potential application of our method in
de-methylating drug therapy monitoring in clinical diagnostics
and research. In addition, our assays are not limited to global
DNA methylation. This method could be applied to develop a
variety of assays by selecting the specific antibodies in the
immune-recognition step for the detection of various DNA-bio-
markers (e.g., autoimmune diseases43 and HPV 16 E6 44). We
anticipate that the combined use of colorimetry and electro-
chemical readouts could be used as a low-cost and functional
detection method for the analysis of global DNA methylation
in many diseases including cancer.
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Optimization of the HRP-conjugated mC antibody concentration   

 

 

 

Fig. S1. Optimisation of antibody concentration. Mean values chronoamperometric current 

density for 25 ng Jurkat DNA using different the amount of HRP-conjugated mC antibody. 

Each data point represent the average of three repeat trails, and error bars represent the 

standard deviation of measurements (%RSD = <5%, for n = 3). 
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Nonspecific adsorption of the HRP-conjugated mC antibody onto the unmodified SPE-

Au electrode 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. (A) Chronoamperometric current response obtained for the unmodified SPE-Au 

electrode (without presence of the surface-confined bisulfite-treated and denatured ssDNA).   

SPCEfor the HRP-5mC antibody. (B) Shows representative photos for the naked-eye 

detection.  This experiment clearly shows that the nonspecific adsorption of the HRP-

conjugated mC antibody onto the SPE-Au electrode surface is negligible.  
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Chapter 9: Summary and Conclusions  

Chromosomal copy number changes can guide to activation of oncogenes and 

inactivation of tumour suppressor genes in human cancers (Hanahan and Weinberg, 

2000). In the previous study, FAM134B copy number alterations were found as a 

frequent incident in colorectal adenoma and adenocarcinoma. Our group have also 

observed the mRNA expression of FAM134B on a large number of tissue samples from 

patients with colorectal tumours. The results showed that mRNA was notably lower in 

colorectal cancer than in normal and benign tumour groups (Kasem and Lam, 2010). 

Colon cancer cell line demonstrated significantly lower levels of FAM134B mRNA 

expression compared to non cancer colonic epithelial cell line (Kasem et al., 2014b). 

They also found the high expression levels of FAM134B in colorectal adenoma 

implying that FAM134B play roles in the initial stages in tumour progression (Kasem et 

al., 2014c). On the other hand, the low expression levels of FAM134B in colorectal 

adenocarcinomas indicating that FAM134B acts as a tumour suppressor gene in 

colorectal adenocarcinoma (Kasem et al., 2014c). Studies on FAM134B gene have also 

reported its role in degenerative neurological diseases (Davidson et al., 2012; Kong et 

al., 2011; Kurth, 2010; Kurth et al., 2009). We have previously studied the roles of this 

gene by analysing the RNA expression in oesophageal cancer and presentation in a 

mouse model (Tang et al., 2007). Until now, this is the first study to investigate 

FAM134B copy number change in a large cohort of oesophageal squamous cell 

carcinoma. In this research, it has been observed that oesophageal squamous cell 

carcinomas have higher FAM134B copy number than non-neoplastic tissue. It implied 

that FAM134B copy number change is also a common event in ESCC. 

 

The higher copy number of FAM134B in cancer compared to non-neoplastic 

tissue was found in this study. It indicates that it may play a vital role in the 

pathogenesis of ESCC, possibly performing with other oncogenic mutations. Gene 

amplification was one of the major genomic aberrations and a frequent mechanism for 

oncogene overexpression as well as for activating proto-oncogenes (Lam, 2000). It was 

believed that the amplified DNA might comprise some key genes whose expression 

provided a selective force for tumour development (Kitagawa et al., 1991). As cancer 

develops, amplification of FAM134B may occur simply as a side effect of other 

mutations associated with the progression. Consequently, regional amplification of 5p 

might cause extra copies of FAM134B in the tumour cells, and eventually, an 
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overexpression of FAM134B. FAM134B up-regulation might induce or contribute to 

tumour formation, a rapid growth of tumour cells, unscheduled cell proliferation and 

malignancy through an interaction of FAM134B and another candidate gene(s). It is 

likely that amplification of FAM134B offers a direct growth advantage to tumours and 

occurs as part of the overall progression of the disease. Hence, our present study 

showed that an amplification of FAM134B might be relevant to the pathogenesis and 

progression of ESCC. This study also revealed loss of FAM134B copies relative to 

control tissue which might associate with other genetic events, such as chromosome 

deletion and/or hypermethylation of the FAM134B promoter (Lehrbach et al., 2003).The 

percentage of FAM134B copy number gain and loss are more or less similar in this 

study implying that this gene might act as both oncogene and tumour suppressor in the 

progression of oesophageal squamous cell carcinoma. This research has also observed 

the correlations between FAM134B copy number alterations and the clinicopathological 

parameters of the ESCC patients including the sex, age, exact site, stage, TNM stage 

and status of tumours. Indeed, the DNA copy number of FAM134B in the cancer 

population was found to have no significant relationship with the age, size, grade, 

lymph node metastasis, survival status, histological subtypes or TNM staging of the 

oesophageal squamous cell carcinomas. In this study, FAM134B copy number gain was 

common in patients with stage II (24%) and stage III (64%) ESCC. Tang et al. also 

reported FAM134B overexpression was common in patients with stage II (5/9, 56%) 

and stage III ESCC (4/9, 44%) (Tang et al., 2007). This research also showed more 

amplification in lymph node metastasis which is almost similar to the findings of Tang 

et al (Tang et al., 2007). In contrast, FAM134B gene copy number changes were highly 

associated with pathological staging (TNM) of colorectal adenocarcinomas. More 

deletions in the FAM134B gene were noticed in higher T (tumour) and N (lymph node) 

stage. However, the same trend is also found in M stage (metastasis). This may indicate 

that FAM134B gene may have a vital role in preventing tumour growth and local spread 

to lymph nodes as chromosomal instability is an early event in colorectal 

carcinogenesis. So, FAM134B copy number alterations may be relevant to tumour 

invasiveness and metastasis in ESCC. 

 

Till now, this is the first study to examine FAM134B expression in a large cohort 

of oesophagal squamous cell carcinoma. The current study shows that FAM134B is 

overexpressed in 49% of ESCC tissue samples while 47% (26/55) revealed 

downregulation of FAM134B when compared to matched non-neoplastic tissues which 

are almost similar to the findings of Tang et al (Tang et al., 2007).  

Chapter 9 

 



       Screening clinically relevant biomarkers in cancer                                        

                                                                                                                                                                           

Md. Hakimul Haque (s2864831)                           184                                   School of Medicine 

  

Altered mRNA expression levels of FAM134B is consistent with previous 

reports on FAM134B DNA copy number changes suggesting its potential role in the 

progression of ESCC. For example, an overexpression of the nuclear factor cyclin D1 

has been commonly showed in ESCC cell lines and tumour samples from ESCC (Doki 

et al., 1997) and it may provide growth advantage and enhance tumorigenesis in ESCC 

(Lam, 2000). Additionally, an overexpression of a signal transducer, ras, has been 

suggested to be related to a higher proliferative state of ESCC cancer cells when 

compared with their corresponding normal cells (Lam, 2000). 

 

This is the first systematic study to investigate possible mutations in FAM134B 

gene in oesophageal squamous cell carcinoma. Previous studies by Kurth et al. 

illustrated that the human FAM134B protein contains 497 amino acids (Kurth et al., 

2009). Bioinformatic analysis revealed 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. 

FAM134B mutations are found over the entire coding sequence and are prone to loss-

of-function mutations.Until now, the five homozygous mutations accounted such as 

three are nonsense mutations, one is a frameshift mutation, and one is a splice-site 

mutation (Kurth et al., 2009; Davidson et al., 2012; Murphy et al., 2012). Previously, 

Kurth et al. have depicted a homozygous mutation in the splice donor consensus site of 

intron 7 of the gene (Kurth et al., 2009). In this study, oesophageal squamous cell 

carcinoma with mutations detected on HRM using  FAM134B gene primer which is 

located in Exon 7 of the gene. After HRM analysis of possible mutations, samples of 

ESCC cases in each group (wildtype, heterozygous mutations and homozygous 

mutation) were selected for Sanger sequencing. All the FAM134B mutations (N=4) 

were found in lymph node metastasis cases. Tang et al. reported that about 44% (4/9) 

and 56% (5/9) of the tissue specimens showed regional lymph node metastases (N1) and 

no regional lymph node metastases (N0), respectively. FAM134B overexpression may 

be occurred due to mutation of this site. Therefore, overexpression of FAM134B in 

ESCC tumour cells could be a potential prognostic marker for determining regional 

lymph node metastatic potential of tumours. 

 

Although the other mutation detected on HRM is not an amino acid changing 

mutation, it is possible for a non-amino acid changing variation to affect gene 

expression by changing from a codon which has more tRNAs available to one where 

Chapter 9 

 



       Screening clinically relevant biomarkers in cancer                                        

                                                                                                                                                                           

Md. Hakimul Haque (s2864831)                           185                                   School of Medicine 

  

there are fewer tRNAs, which could slow down the process of gene expression, thereby 

affecting tumour behaviour. Another possibility is that this mutation alters a miRNA 

binding site, which would influence tumour behaviour by altering the transcriptional 

and post-transcriptional regulation of gene expression. It is also possible that the 

presence of the HRM variations actually equates to the presence of another variant close 

by or it might be a sign of higher mutation rates in the gene. Such mutations may well 

be loss-of-function mutations and be the causative agents behind the associations seen 

with clinicopathological features and patient survival. Therefore further research should 

concentrate on functional impact of a FAM134B mutation in oesophageal squamous cell 

carcinoma to reveal out its more functional interaction site and post-translational 

modifications which will help in understanding of the complete depiction of the 

molecular and genetic basis of this in cell and cancer biology. 

 

We have demonstrated a relatively simple and new electrochemical method for the 

detection of gene-specific mutations in PCR-amplified genomic DNA samples based on 

the different adsorption affinity of DNA nucleotides towards gold. The detection was 

achieved by the direct adsorption of two sequentially different PCR amplified mutated 

and unmutated DNA samples onto an unmodified gold electrode. Using this approach, 

we were able to detect mutations in 50 ng of target PCR-amplified product within 1.5h 

with high reproducibility (% RSD = <5.0) and specificity. We used the method to 

analyse a small panel of clinical samples from ESCC patients, and the results were 

validated with HRM curve analysis and sequencing. We anticipate that this method can 

potentially be applicable for point mutation detection in clinical diagnostics. 

 

We have developed a simple and new method for the quantification of gene-

associated DNA methylation using affinity interaction between DNA bases and 

graphene. The method is based on the different adsorption affinity of DNA nucleotides 

towards graphene-modified electrodes. The detection was achieved by the direct 

adsorption of two sequentially different DNA samples (bisulfite-treated and PCR 

amplified sequences representing methylated and unmethylated DNA) onto a graphene-

modified electrode, which avoids multiple modifications and functionalization steps 

involved in conventional assays. Furthermore, it avoids the need for sequencing 

analysis. Most importantly, we have tested the feasibility of our assay to detect 

methylation target of FAM134B promoter gene in a panel of ESCC cell lines and 

clinical samples from ESCC patients. We anticipated that our assay might be able to 

detect global hypomethylation since the methylated and unmethylated DNA-base 
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changes of bisulfite treated genomes entail a large number of CpG sites, which might 

generate a marked adsorption difference between fully methylated and partially 

methylated samples. In addition, our assay could be viably useful in clinical diagnostics 

because of its potential for accurate detection of the epigenetic biomarker. 

 

We have reported a simple and new method for the quantification of targeted 

FAM134B gene-associated DNA methylation via the different adsorption affinity 

interaction of DNA bases with gold. The detection was achieved by the direct 

adsorption of bisulfite-treated and PCR amplified sequences onto an SPE-Au. The 

adsorption of the DNA sequence representing methylated and unmethylated was then 

quantified via CC interrogation of the DNA-bound RuHex complexes. Our method 

offers several advantages over current methodologies. First, our assay does not involve 

any conventional recognition and transduction biosensing, time-consuming electrode 

surface modification and does not require any complex data analysis. Second, it avoids 

the need of using capture probe, hybridization, and surface treatment steps (and 

associated underlying chemistries). Third, it circumvents the need for the use of 

radioactive labels, methylation-sensitive restriction enzymes, antibodies, and 

sequencing analysis, which are most commonly used in existing methodologies 

(Gebhard et al., 2006; Wang et al., 2013; Ji et al., 2016; Sato et al., 2012). Fourth, our 

current assay can quantify DNA methylation by simply monitoring their direct 

adsorption using single-use disposable SPE-Au.  Most importantly, our developed assay 

can successfully quantify FAM134B promoter methylation at a varying level in a panel 

of ESCC cell lines and clinical samples from ESCC patients. The analytical 

performance of our method has shown a good agreement with the data obtained using 

MS-HRM analysis and Sanger sequencing. We anticipate that the approach reported 

here could be potentially useful for the detection of an epigenetic biomarker in both 

clinical diagnostics and research. 

 

  Finally, We have developed a relatively simple naked-eye colorimetric and 

electrochemical methods based on direct conjugation of denatured DNA (without PCR) 

and immunorecognition of the methylated cytosine on SPE-Au. The detection was 

achieved by the catalytic reaction of HRP with TMB/H2O2 complex onto SPE-Au 

surface via chronoamperometry and colorimetry (naked-eye detection). In this study, 

amperometric analysis was found to be more effective and sensitive approach in 

comparison to the UV-vis detection system. We successfully applied the assay to 

quantify the global DNA methylation in a panel of ESCC cells and clinical samples 
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collected from patients with ESCC. The assay was sensitive to as low as 5% differences 

in global DNA methylation with good reproducibility (% RSD= <5%) from 25ng DNA 

input using 90 minutes. Also, the assay described here could be potentially useful in 

tracking of the global DNA methylation in de-methylating drug therapy monitoring in 

clinical diagnostics and research. In addition, our assays are not confined to global DNA 

methylation and a variety of assay can be developed by altering the specific antibodies 

in the immune-recognition step for detection of DNA-based biomarkers in clinical 

samples. We anticipate that the combined use of colorimetry and SPGE based 

electrochemical readout could be used as a model and low cost POC device for the 

analysis of global DNA methylation in chronic diseases. 

 

In conclusion, this thesis has demonstrated the potential role of FAM134B in the 

oesophageal squamouse cell carcinoma via exhibiting its altered copy number and 

expression at mRNA and protein level. Based upon copy number study, we can 

conclude thst this gene might act as both oncogene and tumor suppressor in the 

progression of ESCC. This research identified some novel mutations in tissue samples 

of patients with ESCC. The altered expression patterns and copy number changes 

of FAM134B in ESCCs which might be regulated by these mutation changes 

in FAM134B. In this study, we observed a strong association of FAM134B mutations 

with  metastatic lymph node tissues in ESCC indicating its use as a potential predictor 

for metastasis in ESCCs. Also, the mutation detection via electrochemical methods was 

successful distinguishing single point mutation in DNA from oesophageal cancer 

implying its potential application in point mutation detection in clinical diagnostics. 

This study also developed a simple and new method for the quantification of gene-

associated DNA methylation using affinity interaction between DNA bases and 

graphene. We anticipated that our assay might be able to detect global hypomethylation. 

In addition, we have reported a simple and new method for the quantification of 

targeted FAM134B gene-associated DNA methylation via the different adsorption 

affinity interaction of DNA bases with gold. Our developed assay can successfully 

quantify FAM134B promoter methylation at varying level in a panel of ESCC cell lines 

and clinical samples from ESCC patients. Finally, we developed a new method for 

quantifying global DNA methylation in an integrated approach consisting of both 

colorimetric and electrochemical methods. We anticipated that our approach could be 

potentially useful as low-cost alternative for the detection of epigenetic biomarker in 

both clinical diagnostics and research. 
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Appendix 

DNA extraction and purification protocol 

Fresh frozen tissue samples were sectioned into 10µm slices for DNA and RNA 

extraction. The DNA extraction and purification protocol are described below: 

1. The tissue samples were disrupt and homogenise using pipette, then suspended 

in lysis buffer to disrupt and release the nucleic acids and proteins into the 

solution. 

2. Then, a digestion step was performed to remove the protein and RNA in the 

solution using proteinase and RNase enzymes, respectively.  

3. The digested proteins and RNA were removed by centrifuging the solution in a 

spin column. 

4. Washing buffer was then added to the spin coloumn and centrifuge for 30 

second at 12000 rpm. 

5. Another washing buffer was poured on the spin coloumn and again centrifuge 

for 30 second at 12000 rpm. 

6. Then the purified DNA was eluted from the column in 100 μL of elution buffer.  

7.  DNA quantification was performed using Nanodrop Spectrophotometer 

(BioLab,    Ipswich, MA, USA) and purity was checked using 260/280 ratio. 

RNA extraction and purification protocol 

1. Using a pipette, the tissue samples were disrupt and homogenise in the lysis  

buffer. To homogenise, the pipette was repetitively suck up and released the 

RNA/DNA and protein in to the solutions. 

2. The lysate was centrifuged at maximum speed. Thye supernatant was carefully 

removed and transfer by pipetting into the another spin column placed in a two 

ml collection tube. 

3. Then another centrifugal step was performed centrifuge for 30s at >10000 rpm 

aand collect the flow throw. 

4. About 600 ul of 100% ethanol was added to the flow-through  and Mix well by 

pipetting.  

5. Then, Different washing steps was done  and finaazaly eluted the RNA with 

elution or RNAase/DNAse free water. 

6. RNA quantification was done using nanodrop Spectrophotometer.  For checking 

the purity, 260/280 ratio was used. 
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