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Abstract 
 

Background: EFA6R functions as a guanine nucleotide exchange factor for 
Arf6 – a Ras-like GTPase protein that potently regulates tumour progression. 
EFA6R is consistently expressed in healthy ovarian epithelium, but is 
drastically downregulated in the vast majority of Epithelial Ovarian Cancers 
(EOC). Therefore, EFA6R could be a novel biomarker for EOC. 
 
Aim: 1. Study EFA6R expression in Epithelial Ovarian Cancer (EOC) cell 
lines and tissues. 2. Identify the mechanisms of EFA6R downregulation and 
its role in mediating cellular phenotype. 3. Delineate the expression, 
localisation and cellular functions of EFA6R isoforms.  
 
Results: In EOC Tissue cDNA array, 73% of 192 samples exhibited little or 
significantly less EFA6R expression than healthy samples. In tissue 
microarrays containing 80 individual cases of different grades, EFA6R 
expression was lost with tumour progression. Similar downregulation was 
observed in tissue lysates (6/7 samples) and 10/10 OC cell lines. In SKOV-3 
cells treated with demethylation agent 5-aza-2’deoxycytidine (5-Aza-Cdr) 
EFA6R expression was restored at mRNA and protein level; ~10-fold increase 
in EFA6R expression corresponded with significant attenuation of cell 
migration (~60% decrease in migration observed in Ibidi wound healing assay 
and ~ 5-fold decrease in migration and invasion in transwell assay). 
Exogenous expression of EFA6R plasmid DNA constructs showed that 
EFA6R localisation to the plasma membrane requires the PH and to a lesser 
extent, the CC domain. There, it functions as an Arf6-specific GEF, 
modulating actin stress fibres. Endogenous expression of EFA6R was 
observed in HEK293 and ReN cells. In the former, it potentially regulates b-
integrin expression and in the latter, it plays a part in neuronal 
differentiation.  
 
Conclusion: EFA6R loss of function can be attributed to epigenetic 
mechanisms. Its downregulation, increases migration and metastasis 
through Arf6-independent pathways. One of the EFA6R isoforms has limited 
expression in some cell lines where it may play an important physiological 
role  
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Chapter 1: General Introduction 

 
1.1 Tumorigenesis  
 
Tumour initiation and progression is a multi-step process that can take place 
at a myriad of sites throughout the body. The initial steps likely begin by 
mutational changes of deoxyribonucleic acid (DNA) and epigenetic alterations 
of the nucleosome (a complex consisting of a length of DNA coiled around 
histone proteins) that can perturb genes – and their corresponding protein 
products – associated with key anti-malignancy cellular processes. These 
include cell proliferation, survival and many other traits and characteristics 
that a tumour acquires during its progression (Hanahan and Weinberg 2011). 
Although there is ambiguity about the definite causes of tumour initiation, 
what is certain is that once a cell or a cohort of cells take on the characteristics 
of neoplasticity, they must, actively and successfully remove barriers to 
tumour progression. These barriers - that are the control systems that have 
been built as a result of evolution over millions of years - are therefore 
circumvented prior and during tumour progression.  
 
There are very few factors that have a greater impact on the development of 
human cancer, than age. Epidemiological studies generally show that the risk 
of incident and mortality increases with age, indicating that the 
transformation of healthy cells to neoplastic cells takes place over many years 
and decades (White et al. 2014) . For example, in men, the chances of a person 
having prostate cancer, colon cancer and lung cancer is much higher in a 70-
year-old than a 15-year-old (Vellekoop and Loeb 2013). Similarly, in women, 
the risk of getting ovarian, breast and lung cancer is much higher in a 70-
year-old individual than a 15-year-old. However, there are cancers which do 
not follow this pattern. For example, testicular cancer is more prevalent in 
20-50-year-old men (Verhoeven et al. 2013) and the majority of 
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retinoblastoma cases are diagnosed by the age of 2 (Abramson 2005). 
Therefore, age is not the only factor that predetermines tumorigenesis.  
 
It is evident that the formation of malignant tumours requires exposure to an 
exogenous carcinogen - for an extended period of time. For example, when the 
annual global cigarette consumption is compared with global lung cancer 
deaths, we can see that over the past 50 years there has been an increase in 
cancers caused by smoking versus non-tobacco related cancers (Proctor 2001). 
In addition, the duration of exposure to carcinogens (until which time that 
they cause genomic instability) also has great influence on tumorigenesis. 
Similarly, long-term exposure to ultraviolet radiation can lead to skin cancer 
(Narayanan, Saladi, and Fox 2010). 
 
In the UK, more than 300,000 new cases of cancer are diagnosed each year 
while the overall risk factors, mortality, survival and prevention rates can 
vary depending on the type of cancer (CancerResearchUK 2018). Despite 
advances in early detection diagnosis and surgery, new and effective 
therapeutic treatments, cancer incidents have risen in the UK since the 1970s 
due to a possible combination of various factors: accidental exposure to 
carcinogens, unhealthy lifestyle choices (smoking, poor diet, obesity, excess 
alcohol consumption, etc.) (Vijayvergia and Denlinger 2015), aging, 
inflammation (Grivennikov, Greten, and Karin 2010) and a genetic 
predisposition from acquired or inherited polymorphisms (Evans 2016).  

 
1.2 Epithelial cancer 
 
For some types of cancer such as those that arise from the epithelium, disease 
incidents rates increase more rapidly and exponentially with elapsed lifetime. 
This is probably because the epithelial cells that line the various duct walls, 
cavities are exposed to toxic chemicals. For example, our epidermal 
keratinocytes are exposed to the elements and therefore liable to damage by 
ultraviolet light. Similarly, the epithelial cells lining the alveoli in the lungs 
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take the brunt of the everyday pollutants and particles in the air as well as 
(in some cases) first hand and second-hand smoking.  
 
Considering the multi-step process of tumorigenesis, the initial stages may 
take longer to progress than latter stages which require less time to complete. 
The logical reason behind this is that during the latter stages of malignancy, 
the cells and tissues have acquired multiple hallmarks of cancer; they have 
learnt to work coherently together to evade apoptosis, to proliferate, to 
metastases to distant regions of the body and the genomes of the cells become 
generally more mutable (Hanahan and Weinberg 2011).  
 
The histopathological (study of changes in tissues caused by disease) 
alterations of a healthy tissue into a highly invasive carcinoma illustrates the 
transformation and progression of early cancerous cells into cells that are 
poorly differentiated – cells that no longer retain their relatively ordered 
morphology. Eventually these cells are able to break through the basement 
membrane, invading the surrounding stromal tissues. This penetration into 
the stroma layers is the precursor to metastasis – the consequences of which 
results in new tumour colonies around the body (Figure 1.1).  
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Figure 1.1. Tumour invasion and metastasis (A) Primary tumor formation: by 
activating metastatic oncogenes genes and inactivating metastatic 
suppressor genes, adenocarcinoma cells proliferate and acquire invasive 
potential. (B) Localised invasion: adenocarcinoma cells acquire enhanced 
protease activity (through upregulation of matrix metalloproteinases, MMPs) 
and breach the basement membrane. Their enhanced motility and weak cell-
cell contact (as a result of reduced adherent and tight junction protein 
activity) allows them to move and interact with the surrounding extracellular 
matrix (ECM) and stromal cells while intravasating into lymphatic or blood 
vessels. (C) Transport of adenocarcinoma cells via the general circulation to 
distant anatomical sites: during this phase, they interact with blood 
components and evade immune cells. (D) Arrest in microvessels of various 
organs: cells are trapped and extravasate into secondary sites. (E) 
Colonization: formation of new vasculature and formation of 
micrometastasis. 
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1.3 The biology of Epithelial Ovarian Cancer (EOC) 
 
1.3.1 Background 
 
The ovaries are the primary female reproductive glands that produce eggs 
(gametes) and they consist of three type of cells: epithelial, germ and stromal. 
In the UK, Ovarian Cancer (OC) is the 6th most common cancer in females 
and also the leading cause of all gynaecological cancer deaths due to late 
diagnosis –resulting from ineffective screening methods; 75% of cases in the 
UK are among females aged 55 years or older. Other risk factors such as 
genetic predispositions, genetic mutations, and obesity have also been 
identified as influencing factors towards OC development (See section 1.3.4). 
Risk of OC cancer tends to be reduced by factors that interrupt ovulation such 
as pregnancy, breastfeeding, and oral contraceptive use (Havrilesky, 
Gierisch, et al. 2013).  
 
When the cells in the ovaries grow abnormally they develop into tumours that 
can be non-cancerous or cancerous. The most common type of OC is epithelial 
adenocarcinomas, which account for ~ 90% of ovarian tumours and hence it 
is the most prevalent studied form and the main focus of this thesis. Around 
1-2% originate from germ cell and other rare tumours and ~ 9-10% are low 
malignant potential or borderline tumours which rarely become cancerous 
(CancerResearchUK 2018).  
 
1.3.2 Classification of EOC 
 
EOC is no longer considered as a single cancer type, rather, it is now generally 
divided along histology subtypes that differ from one another in tumor and 
cells of origin, genetic makeup and risk factors (Matulonis et al. 2016). There 
are essentially four EOC subtypes: serous, endometroid, clear-cell and 
mucinous adenocarcinomas (Figure 1.2). The origins of these EOC subtypes 
has been a recurring issue over the past three decades. Initially, it was 
believed that EOC originated from the ovaries. However, research over the 
past two decades have shown that most of what is defined as EOC, primarily 
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arises outside of the ovaries and involves it secondly (Karnezis et al. 2017). 
The serous histology subtype can exist as high-grade serous adenocarcinoma 
(HGSC) and low-grade serous adenocarcinoma (LGSC), where the former 
originates from the fallopian tube fimbria or ovarian cortical inclusions cysts 
and the latter from fallopian tube secretory epithelial or progenitor cells 
(Karnezis et al. 2017). HGSC and LGSC make up the majority of all epithelial 
EOC diagnosis. The endometroid and the clear-cell subtype likely arise from 
the endometroid tissues located outside of the uterus. Mucinous subtypes 
arise from the tubal-mesothelial junction (Kurman et al. 2011). These 
subtypes are associated with varied genetic characteristics, and therefore 
incur different treatment options (Matulonis et al. 2016).  
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Figure 1.2. Histological subtypes of EOC. (A) Low-grade serous 
adenocarcinoma (LGSC) is characterized by mild nuclear atypia, infrequent 
mitotic and well-differentiated cells. (B) High-grade serous adenocarcinomas 
(HGSC) show frequent mitotic and poorly differentiated cells with high 
nuclear atypia and lack of polarity. (C) Endometroid adenocarcinoma have 
glandular architecture with endocrine hyperplasia. (D) Clear-cell 
adenocarcinomas have vacuolated cytoplasm and show stromal hyalinization. 
(E) Mucinous adenocarcinomas show frequent mucins filled goblet cells 
(yellow arrow). Images taken from the database of Ovarian Tissue 
Microarrays (TMAs) from Biomax (US).  
 
 



 29 

Recent developments in delineating the origins of these EOC subtypes have 
also improved preventions strategies. For example, as the origins of HGSC 
are becoming more established, patients who carry markers of HGSC can 
undergo salpingectomy (removal of the fallopian tube) as a preventative 
measure (Matulonis et al. 2016). Therefore, part of solving the problem of 
EOC is understanding the cells of origin associated with each histotype which 
can greatly enhance diagnosis strategies. Out of all these subtypes, the 
majority of risk is attributed to tumours that arise from the serous histology. 
Germ-cell and other ovarian tumours such as sex cord stromal tumours 
account for only 10% of all OC (Bast, Hennessy, and Mills 2009) and therefore 
not the subject of this thesis.  
 

1.4 Epidemiology  
 
EOC is a disease with a global impact. According to the global cancer 
observatory (2018) Brunei, Serbia and Belarus have the highest incident 
rates of OC while Gambia, Mozambique and Madagascar have the lowest. 
Next year in the UK (2019), it is predicted that 7000 new cases of EOC will 
occur with only 35% of patients having a survival rate of 10 years or more 
(Cancer Research UK, 2018). It is believed that 11% of EOC cases are 
preventable and the chance of survival increases from 46% to 90%, if 
diagnosed early. Part of the reason why early diagnosis has been a challenge 
is due to a lack of effective screening methods that enable early diagnosis. 
However, a lack of awareness of the EOC symptoms has been shown to 
contribute to late diagnosis. Results from the Target EOC Pathfinder study 
in 2016 (Targetovariancancer.org.uk, 2018), have discovered that prior to 
diagnosis, only 4% of women could confidently recognize a symptom of EOC; 
41% of women visit their general practice (GP) three times or more before 
being referred for diagnosis tests by GPs who 44% (504 GP participants) of 
them wrongly believe that EOC symptoms only present in the latter stages of 
the disease. In addition, only 46% of nurses feel that their cancer centre or 
unit has enough nurses to care for all the women treated there while 80% of 
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women diagnosed with EOC experience mental health problems. Overall, the 
accumulation of a lack of effective early screening methods, lack of awareness 
of the biology and inadequate care for patients with EOC have made this 
disease the 5th most common cancer in females and also the leading cause of 
all gynaecological cancer deaths (Cancer Research UK, 2018). Despite a ~ 
17% decrease in mortality rates in the UK over the past two decades, EOC 
prognosis remains the poorest across the European continent  (Lowe et al. 
2013).  
 

1.5 Risk Factors  
 
There are numerous risk factors associated with EOC. They differ both in 
their severity and their effects on the development of different EOC histotype 
(Kim et al. 2012). Some of these risk factors such as genetic predisposition, 
hormonal replacement therapy (HRT) and obesity are discussed in the 
following sections. 
 

1.5.1 Genetic (Inherited) predisposition 

 
There are several established genetic mutations that have been shown to 
predispose patients to EOC. Germline mutations in the Breast Cancer 1 
(BRCA1) and Breast cancer 2 (BRCA2) genes are found in up to 20% of 
patients with metastatic EOC (Zhang et al. 2011, Bolton et al. 2012). Both 
BRCA1/2, play a complementary function in promoting genome instability 
and cell survival as part of the DNA double-stranded break repair 
mechanism, during DNA replication (O'Donovan and Livingston 2010). 
(Zhang et al. 2011) have observed that BRCA1 and BRCA2 mutations to be 
most common in HGSC (18% of 751 cases), followed by endometroid (9.1% of 
287 cases) and clear-cell (2.2% of 91 cases) histologist, with no observable 
cases in mucinous (0% of 112 cases) EOC subtype. Although (Alsop et al. 
2012) showed that patients who carry BRCA1/2 mutations are ~ 10% more 
likely to develop early tumour metastasis to distal organs such as liver and 
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spleen, these difference diminished over time, suggesting that mutations in 
these genes are early indicators of metastatic tumours. Interestingly, 
prognosis for patients with BRCA2 was shown to be better than those with 
BRCA1 mutations, possibly due to a better chemotherapy response in BRCA2 
patients and the more frequent hypermethylation of BRCA1 promoter 
compared with BRCA2 (Yang et al. 2011) (Liu et al. 2012). Therefore, it is 
generally recommended to genetically test all non-mucinous EOC patients in 
order to potentially identify BRCA1/2 mutations.  
 
There are also genes associated with the BRCA DNA repair pathway that 
have been found to be mutated in patients with familial history of EOC. Some 
recently discovered genes implicated in hereditary ovarian carcinoma  include 
RAD51C, RAD51D, BRIP1, PALB2, TP53, CHECK2, MRE11A, NBN, 
RAD50. These genes are found as part of the BRCA-mediated pathway 
involved in the recombinational repair of DNA double stranded breaks during 
the G2/M cell cycle  (Loveday et al. 2011, Meindl et al. 2010, Rafnar et al. 
2011, Pennington and Swisher 2012, Walsh et al. 2011, Norquist et al. 2016). 
The specific phenotypic consequences of the mutations of the stated genes, 
are yet to be fully discovered. 
 
There are also inherited disorders that can increase the risk of EOC. One 
such example is Lynch syndrome – a hereditary nonpolyposis colorectal 
cancer syndrome, characterised by mutations in MLH1,MSH2, MSH6, PMS2 
genes, which increases the risk of EOC by 8-15% (Bonadona et al. 2011).  
 

1.5.2 The use of Oral contraceptives and HRT 

 
A considerable amount of literature has been published on whether the use 
of oral contraceptives (OrC) reduces the risk of developing EOC. A literature 
review and meta-analysis on the use of OrCs as contraception or primary 
prevention of EOC found that in women who carry the BRCA1 and BRCA2  
mutations, the use of OrCs reduced the risk of EOC, however, a modest 
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increase (but not significant) in developing breast cancer was also noted 
(Havrilesky, Moorman, et al. 2013). Similar findings were observed for 
patients without BRCA1 and BCRA2 mutations (Bassuk and Manson 2015). 
Considering the relationship between increases in other forms of cancer as a 
result of using OCs, their use may not be suitable as primary prevention of 
EOC. This view is supported by other studies that show that the benefits of 
using OrC in preventing EOC is overall, inconclusive (Havrilesky, Gierisch, 
et al. 2013).  
 
EOC has also been associated with 40% risk of postmenopausal HRT (Beral 
et al. 2015). One meta-analysis of relative risks of oestrogen only (ET) and 
oestrogen plus progestin (EPT) and duration of their use showed that the use 
of these hormones for 5 years increased the risk of developing EOC by 22% 
for ET and 10% for EPT (Pearce et al. 2009). Since the use of progestin seems 
to reduce some of the detrimental side effects of estrogenic effect on EOC 
(Hildebrand et al. 2010), an optimisation of the of daily usage of progestin and 
number of times per 28-day treatment cycle in which oestrogen is taken. In 
addition to this, a histology-based analysis has yet to be done to better 
understand the association between HRT and the development of EOC 
histotype. Interestingly, women who have  severe menopausal symptoms 
after EOC can safely take HRT without a risk in overall survival (Eeles et al. 
2016).  
 

1.5.3 Surgery and tubal ligation 
 
(Rice, Hankinson, and Tworoger 2014) have conducted an analysis on the 
factors associated with common operations undertaken by carriers of 
BRCA1/2. In their study, they found that patients who undergo Salpingo-
oophorectomy (surgical removal of fallopian tube and ovaries) have a 30% 
lower risk of developing EOC. In addition, hysterectomy (the surgical removal 
of the uterus) was shown to reduce the risk of EOC by 20% - although this is 
more significant for non-serous tumours compared with serous tumours.  
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Furthermore, treatment for tubal ligation (a surgical procedure for 
sterilization of fallopian tube) have been shown to significantly reduce the 
chance of developing EOC, particularity in younger women with non-serous 
ovarian carcinoma (Gaitskell et al. 2016). In the same study, between 
tumours of HGSC and LGSC, it was discovered that tubal ligation was able 
to reduce the risk of EOC by 20% in HGSC compared to 0% in LHSC. This is 
not surprising considering that HGSC is believed to arise from the fallopian 
epithelium and subsequently metastasize to the ovaries, while the origins of 
LGSC remains unresolved (Kurman and Shih Ie 2008). Tubal ligation also 
had a positive impact on endometroid and clear-cell carcinomas; whereby it 
was able to reduce cancer risk by 50%.  
 

1.5.4 Other risk factors  
 
Weight gain and obesity have also been associated with EOC (Nagle et al. 
2015). Among post-menopause women who do not take HRT, every 5-kg 
gained in weight increased the risk of EOC by ~ 13% (Keum et al. 2015). 
Between different EOC histotype, it was shown that obesity increases the risk 
of non-HGSC, suggesting that weight loss is unlikely to reduce the risk of 
EOC due in HGSC patients  (Olsen et al. 2013). Several studies into the 
intake of dietary vitamins, flavonoids and dairy foods have shown that not 
only there is no risk associated with the consumption of these food types, but 
they can also have risk-reducing effects (Merritt et al. 2014, Koushik et al. 
2015). Overall however, there has been relatively little literature published 
on the association between dietary factors and the risk of developing EOC.  
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1.6 Molecular characteristics of EOC subtypes  
 
Although some molecular features of EOC subtypes converge, they all also 
possess unique genetic abnormalities that demonstrates the heterogeneity of 
EOC. 
 

1.6.1 High Grade Serous adenocarcinoma (HGSC) 
 
A detailed examination of the molecular composition of HGSC showed DNA 
repair defects and varied copy number alterations (The Cancer Genome Atlas 
Research 2011). It was shown that 96% of HGSC samples carried TP53 
mutation. In-fact, mutation in TP53 is a major driver of HGSC (Ahmed et al. 
2010). Furthermore, the data from the (The Cancer Genome Atlas Research 
2011) showed that 22% of HGSC were carriers of BRCA1/2 mutations. They 
also identified several other significantly mutated genes that were involved 
in 2-6% of HGSC, including: CSMD3, NF1, CDK12, FAT3, GABRA6, and 
RB1. In addition to these individually mutated genes, defective signaling 
pathways were also discovered. Retinoblastoma signaling defects were 
observed in 67% of cases, PI3K/RAS signaling was found to be altered in 45% 
of cases, 22% of HGSC cases were defective in the NOTCH signaling pathway 
and 84% of cases carried alterations in FOXM1 signaling. Furthermore, 
within these signaling pathways, somatic mutations in the individual genes 
involved in the pathways showed varied copy number alterations. For 
example, in the PI3K/RAS signaling pathway, 7% of cases carried PTEN 
inactivation while 18% showed an amplified expression of PIK3CA. These 
alterations therefore were identified as result of somatic mutations within 
the signaling pathways found to be altered in HGSC.  
 
Data from several studies have interestingly proposed that there are five 
different subtypes – based on molecular and clinical disparities - within 
HGSC (Tothill et al. 2008). One novel subtype showed characteristics of both 
healthy epithelial and mesenchymal properties, with significantly low serum 
CA-125 levels and expression of the transmembrane glycoprotein Mucin 1 
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[MUC1 is associated with tumorigenicity (Nath and Mukherjee 2014)], 
reduced expression of E-cadherin and overexpression of N-cadherin and P-
cadherin  (Tothill et al. 2008). In the search for finding sub-types that are also 
clinically relevant, another study utilized micro-RNA expression profiles to 
identify HGSC subtype that primarily carry angiogenic markers - making 
them vulnerable to anti-angiogenic therapies (Bentink et al. 2012). Overall, 
drug-based treatments of HGSC has been a tasking challenge. Partly due to 
the molecular complexity associated with aberrations in multiple signalling 
pathways involved. In addition, the plasticity of this EOC subtype means that 
at the time of diagnosis, different subtypes can arise that can potential carry 
molecular features that makes them resistance to various therapies.  
 

1.6.2 Low Grade Serous Carcinoma (LGSC) 
 
LGSC and also tumours categorized as ‘serous borderline tumours’ (SBT) 
account for a small portion of all Serous carcinomas. These subtypes are 
commonly associated with mutations in KRAS and BRAF  (Singer et al. 2003, 
Wong et al. 2010, Romero et al. 2013). Neither the LGSC or SBT carry TP53 
mutation, whereas HGSC does (Wong et al. 2010). Similarly, (Wong et al. 
2010) found that HGSC were wildtype for KRAS and BRAF mutations – 
supporting the general consensus that the pathogenesis of serous tumours 
follow two distinct molecular pathways (Kurman and Shih Ie 2008, Kurman 
et al. 2011). It has been suggested that LGSC actually develop from SBT due 
to similarity in genetic markers associated with both of these serous tumours. 
Furthermore, this model also proposes that HGSC does not have a definite 
intermediate stage, and likely arises from the ovarian surface or the fallopian 
tubal epithelial due to its unique feature of carrying TP53 mutation (Kurman 
and Shih Ie 2008, Kurman et al. 2011).  
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1.6.3 Endometroid, Clear-Cell and Mucinous ovarian carcinomas 

 
Both endometroid and clear cell carcinoma are endometriosis-associated 
ovarian carcinomas. As such somatic mutations in ARID1A and PIK3CA are 
associated with both of these ovarian subtypes (Wiegand et al. 2010). 
Although high-grade endometroid EOC carries the same genetic 
characteristics as HGSC, clear-cell and low-grade endometroid ovarian 
adenocarcinoma are not characterized by TP53 mutation (Matulonis et al. 
2016) (Ho et al. 2001). ARID1A is found to be a tumor suppressor gene, that 
is silenced during the early stages of cancer development (Wiegand et al. 
2010). The loss of ARID1A gene product, BFA250, was also observed in 46% 
of Clear-cell adenocarcinomas and 30% of endometroid carcinoma (Wiegand 
et al. 2010). PIK3CA is also found to be mutated in 33% of clear-cell carcinoma 
cases studied (Kuo et al. 2009). Both subtypes can also carry PTEN mutations 
are also prevalent in both clear cell and endometroid adenocarcinomas 
(Djordjevic et al. 2012) 

 
The origins of mucinous EOC is controversial, as is its progression from 
benign to borderline and malignant adenocarcinoma. Nevertheless recent 
profile of mucinous genetic markers have shown that KRAS, TP53, BRAF and 
CDKN2A are the most frequently mutated genes, with less frequent 
mutations in RN43, ELF3, ARID1A, DCLK1, ERBB2, FBXW7, GNAS, KLF5, 
LPHN3, LRRK2 and TTF1 (Ryland, Hunter, Doyle, Caramia, Li, Rowley, 
Christie, Allan, Stephens, Bowtell, Campbell, et al. 2015). 
  

1.7 Diagnosis 
 
The development and clinical use of effective therapies depend on accurate 
diagnosis of disease. Combination of early detection and effective treatment 
strategies are key to improving patient survival. Traditional methods of 
classifying and screening for EOC have had limited utility in the development 
and clinical use of effective screening methods and therapies. Over the past 
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two decades, EOC has been separated into several distinct disease 
subcategories, as discussed previously. This explains why so many anti-
cancer therapeutic strategies used over the past three decades have had such 
a low overall success rate in that they have treated heterogonous tumours 
only a subset of which are likely respond to targeted therapeutic attach. 
Ideally a diagnostic tool is one that is refined: one that can accurately predict 
responsiveness to various anti-tumour therapies and avoid the use of 
therapies when they are not needed. Overall there is an urgent need to 
develop molecular markers that enable oncologists to distinguish between 
those tumours that are truly require aggressive treatment and those that can 
be monitored repeatedly for signs of progression.  
 
The international federation of gynaecology and obstetrics (FIGO) staging 
system classifies EOC stages in order to explain the epidemiological changes, 
estate of the disease and understand the impact of new therapies. In short, it 
assigns EOC patients to specific treatments based on the severity and state 
of the disease (Mutch and Prat 2014). Given the heterogeneity of EOC and 
our improved understanding of their molecular and clinical features, these 
guidelines and principles are constantly under review (Figure 1.3). If 
cancerous tumours are not detected at early stages of cancer development, 
where the cancer is confined to ovaries or fallopian tubes and is mostly 
indolent (FIGO Stage I), it can become aggressive and ascertain extensions 
below the pelvic brim (FIGO Stage II) and subsequent spreads to the 
peritoneum (abdominal epithelium) outside of the pelvis and/or metastasise 
to retroperitoneal lymph node  (FIGO Stage III) areas and from there it will 
metastasise to distant regions, beyond the peritoneal (FIGO Sage IV). 
Therefore, the detection of EOC at early stages improves survival by more 
than 90% for more than 5 years after diagnosis; while only 5% survive when 
the cancer becomes progressively aggressive (Kurman 2013).  
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Figure 1.3. FIGO, International Federation of Gynaecology and Obstetrics. 
(Matulonis et al. 2016). 
 

1.8 Screening and prevention 
 
Currently there are no effective screening methods for early stage EOC that 
can improve the survival of patients. This is partly due to the heterogeneity 
of EOC where each subtype carries diverse molecular signatures – as has 
been described in previous sections. 
 
The commonly used cancer antigen 125 (CA-125) also known as mucin 16 is 
primarily used to detect EOC. The general idea being that the higher the CA-
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125 serum levels, the higher chance of carrying a risk for EOC or that the 
disease is progressing aggressively. However, analysing CA-125 levels in 
blood in order to diagnose early stage cancer, has turned out to be insufficient 
and inconclusive. In a randomized screening study for EOC, only 51 % of stage 
I tumours were detected based on CA-125 levels (Kobayashi et al. 2008). 
Furthermore, there are non-cancerous factors that perturb serum CA-125 
levels such as infectious disease, liver disease and endometriosis (Fortún et 
al. 2009, Devarbhavi et al. 2002, Oliveira et al. 2017). To a lesser extent, 
pregnancy during the first trimester also raises CA-125 levels – however this 
change was only observed in 9% of cases with CA-125 levels normalizing 
during the second trimester and beyond (Amampai and Suprasert 2018). To 
add to the inconsistency of using CA-125 as early indicator of EOC some who 
may have EOC may not show high-levels of CA-125 Patients with Clear-cell 
and Mucinous EOC show lower levels of CA-125 in contrast to high levels 
observed in HGSC (Tian et al. 2009).  
 
Since the sole use of CA-125 as an early indicator screening rest for EOC has 
not proven to be conclusive and is insufficient, patients who may have 
abnormal CA-125 levels undergo transvaginal ultrasound – a test that uses 
high frequency sound waves to look at the uterus and fallopian tubes and 
ovaries is used to detect masses of cancer or benign tissues. A recent 
prevention program study for women who are at different risk of developing 
ovarian/fallopian tube cancer and primary peritoneal cancer (PPC), showed 
that the combinational sue of transvaginal ultrasound and CA-125 
measurement was able to diagnose 60% of patients who carry BRC1/2 
mutations or have a strong family history of OC. Following a 61-month follow 
up, the overall survival rate was 75% after diagnosis (Cortesi et al. 2017). 
However, for patients at intermediate (based on familial history of breast and 
EOC) to slightly increased risk (based on suspected familial history of breast 
and EOC), this screening method was found to be inconclusive as only 0.3% 
of patients with intermediate to slightly increased risk, developed cancer.  
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1.9 Treatment 
 
Current treatment strategies for newly diagnosed or reoccurring ovarian 
cancer tumours differ. 
 

1.9.1 Cytoreductive treatment for newly discovered cancer. 
 
Upon initial diagnosis of EOC, surgical removal of ovarian tumours is 
performed by a gynaecological oncologist. This is done by observing how much 
the cancer has spread followed by removal of all tissues and/or organs that 
are diseased. Depending on the spread of the cancer, a bilateral Salpingo-
oophorectomy (a surgery to remove both ovaries and both fallopian tubes), a 
unliteral Salpingo-oophorectomy (a surgery to remove only one ovary and the 
attached fallopian tube) or a hysterectomy - where the uterus is removed is 
done (Nccn.org, 2018). The overall aim of surgery is ‘debulking’ as much of 
the cancer as possible – whether contained within the ovaries and nearby 
pelvic region or distal regions. Furthermore, during surgery tissues samples 
are taken in order to precisely categorize the staging of the cancer for any 
eventual complementary cytoreductive treatment of using adjuvant 
chemotherapy. Surgery without chemotherapy is mostly used for cancers 
contained within the initial stage I. However, for stages II, II and IV, surgery 
is followed by biopsy to confirm the type of EOC and, followed by adjuvant 
chemotherapy to shrink the cancer. Adjuvant chemotherapy following 
surgery involves mostly intravenous infusion (IV) of platinum-based agents 
(which damage cell DNA, leading to cell death) and taxol-based agents (which 
stop cellular mitosis) (Vasey et al. 2004, Bookman et al. 2009, du Bois et al. 
2003). In a current phase 3 trial, the dose-dense combinational use of 
paclitaxel carboplatin has shown significant improvement in survival 
(Katsumata et al. 2013). In addition to IV, intraperitoneal (IP), where chemo 
at higher doses are directly at the site of tumor growth around the pelvic and 
abdominal area has shown to be more effective than IV. Patients 
administered IP Cisplatin and Paclitaxel showed improved overall survival of 
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66 months compared to IV administered patients who had a lower overall 
survival of 50 months (Armstrong et al. 2006). Tumours that are too 
dangerous to remove (due to the scope of the spread) or too large for surgery 
are initially shrinked by neoadjuvant chemotherapy to reduce their size, 
before surgery is performed to remove any remaining tumours  (Vergote et al. 
2010).  
 

1.9.2 Managing recurrent EOC 
 
Recurrence of EOC shifts the focus of directly curing the cancer to treating it 
in order to manage its scope and spread to ensure the longest overall survival 
of the patient. Patients diagnosed in Stage I have a 10% change of recurrent 
while those diagnosed with stage III-IV have 70-95% chance of recurrence 
(Matulonis et al. 2016). If this recurrence is < 6 months since the last response 
to platinum-based chemotherapy, then the patient is platinum-resistant; if 
>6 months then the patient is acknowledged as platinum-sensitive 
(Matulonis et al. 2016). For platinum-resistance patients, a single 
chemotherapy drug is used in combination with novel drug inhibitors such as 
Bevacizumab (a vascular endothelial growth factor, VEGF, inhibitor) that 
target the hallmarks of cancer (Poveda et al. 2015). For platinum-sensitive 
patients however, further combinational use of platinum-based drugs and 
another chemotherapy agent is administered (Pujade-Lauraine et al. 2010). 
Ultimately, any treatment strategy has to be gauged with increase in survival 
rates and patient well-being. Combination of early detection and effective 
treatment strategies are key for improving patient survival. 
 

1.10 EOC biomarkers 
 
EOC is the leading cause of all gynaecological cancer deaths due to a general 
lack of effective diagnostic biomarkers. Since EOC is heterogenous in nature, 
multiple biomarkers are currently being tested in order to increase the 
sensitivity and specificity of detecting EOC. The goal has been to identify the 
next best individual or combination of biomarkers for both diagnostic and 
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prognosis purposes (Muinao, Deka Boruah, and Pal 2018). For example, 
amongst a panel of serum and urine biomarkers that included serum soluble 
mesothelin-related peptides (SMRP), human epididymis protein (HE)4, 
ostopontin, epidermal growth factor receptor (EGFR) and urinary activin and 
inhibin, HE4 on its own had the highest sensitivity (73%) and specificity 
(95%) for detecting malignancy, compared to CA-125 which has a specificity 
of 90%, but a sensitivity of 50-60% (Muinao, Deka Boruah, and Pal 2018). 
These findings were particularly important because HE4 was used in 
detecting borderline tumours and those with early FIGO stage epithelial and 
tubal cancers (Moore et al. 2008). More recently, combinational use of HE4 
and CA-125 was found to have minimal cumulative benefits in diagnosing 
patients, in clinical settings (Jacob et al. 2011). A recent review has outlined 
the current state of OC-associated biomarkers and their combination use in 
OC diagnosis and prognosis (Muinao, Deka Boruah, and Pal 2018). Overall 
an ideal biomarker should have the potential to diagnose borderline and 
FIGO stage I tumours – before the carcinoma cells acquire metastatic 
potentials.  
 
In this thesis, we study the potential use of exchange factor for Arf6 (EFA6) 
R, as a novel biomarker for EOC. EFA6R was originally discovered as 
Hepatocellular Carcinoma (HC)-associated antigen 67 (HCA67) in serum 
obtained from HC patients (Wang et al. 2002). Since EFA6R has been shown 
to be significantly downregulated in EOC (Pils et al. 2005a), we have studied 
its expression and functional relevance in EOC. Since EFA6R is an Guanine 
Exchange Factors (GEFs) for Arf6 – itself a small GTPase protein – the 
following sections aims to provide background information on the molecular 
roles of Arf6, its GEFs and GTPase activating proteins (GAPs).  
 

1.11 Small GTPases 
 
The Ras superfamily of small GTPases comprise of over 150 human members; 
with several of them having  evolutionarily conserved orthologs (Wennerberg, 
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Rossman, and Der 2005). Based on sequence and functional similarities, they 
are sub-divided into six families (Ras [Rat Sarcoma], Rho [Ras homologue], 
Rab [Ras-like protein from rat brain], Rad [Ras associated with diabetes], and 
Arf [ADP-ribosylation factor]) – where their distinct cellular localisation 
(determined by their ‘active’ and ‘inactive’ state) and tissue distribution infers 
their diverse functional roles. Briefly, the Ras family mainly controls cell-
cycle differentiation and cell proliferation whereas the Rho family modulates 
cytoskeletal dynamics associated with cell shape, movement and adhesion. 
The Rab family members are involved in membrane and protein trafficking 
in endocytic and secretory pathways, the Arfs are involved in membrane 
trafficking, endocytosis and exocytosis.  The Ran family is involved in 
nucleocytoplasmic trafficking and mitotic spindle assembly whereas the Rad 
family plays an important role in angiogenesis (Goitre et al. 2014). Since they 
are involved in virtually all key cellular functions, their normal functional 
roles are found to be perturbed in many diseases, including cancer. This 
makes them attractive targets for cancer therapeutics. For example, the use 
of NSC23766– which is an inhibitor of Rac1 (a member of the Rho family) 
activation, have been shown to reduce cell migration/invasion as well as 
target angiogenetic events in a number of cancer models (Bid et al. 2013). In 
addition, the use of small molecule inhibitors that target Arf6 signalling in 
cancer progression has been well documented: SecinH3 (an inhibitor of the 
cytohesin and GEP100 GEF family) has been used to inhibit melanoma 
invasion and metastasis in mice (Grossmann et al. 2013). Similarly, NAV-
2729 – a direct inhibitor of Arf6 activation has been shown to inhibit 
tumorigenesis and tumor growth in mouse uveal melanoma (Yoo et al. 2016). 
 
All small GTPases function as molecular ‘switches’: they generally exist in an 
‘active’ state, when they bound to guanine tri-phosphate (GTP), and an 
‘inactive’ state, when they bound to guanine di-phosphate (GDP) (Figure 1.4). 
The release of GDP bound to small GTPases, which is catalysed by GEFs, 
results in GTP binding and a subsequent effector response. Their subsequent 
inactivation, meaning the hydrolysis of the bound GTP to GDP by their own 
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GTPase activity, which is activated by GAPs (Cherfils and Zeghouf 2013). 
Therefore, the GAPs regulate their physiological responses. The 
activation/inactivation cycle is critical for small GTPases to maintain a 
balanced effector response.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. Schematic of the small GTPase cycle. The exchange of small 
GTPase bound GDP to GTP is catalysed by GEFs, leading to an ‘active’ GTP-
bound state of small GTPase, which leads to numerous effector responses. 
Thereafter, the small GTPase bound GTP is hydrolysed to GDP, which is 
stimulated by GAPs, resulting in an ‘inactive’ GDP-bound state and an 
attenuated effector response. 
 
Since (Pai et al. 1989) provided the first crystal structure of the GTP-H-Ras 
conformation, more than 500 complexes (including small GTPase complexes 
with GEFs and GAPs) have been deposited in the Protein Data Bank (PTB) 
(https://Arf.rcsb.org/). Observations of the GTP-bound forms of many of the 
Ras family members show that most of the folding of the β-pleated sheet and 
the α-helix – which make up the majority of the structure - are fairly 
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homologous. However, the switch I and switch II motifs vary depending on 
whether the small GTPase is either GTP- or GDP-bound. It has been 
suggested that one of the main functional differences between these 
conformations arise as a result of the amino acid compositions of their 
interacting surfaces – which lead to dynamic charge densities (Kosami et al. 
2014, Schaefer, Reinhard, and Hordijk 2014).  
 

1.12 The Arf Family 
 
The first member of the Arf family (Arf1) was originally discovered in 1984 
as a co-factor for cholera toxin-mediated ADP-ribosylation of the 
heterotrimeric G-protein Gs (Kahn and Gilman 1984). Since then it has been 
found to be a Ras related small GTPase with a molecular weight of ~21kDa 
(Sewell and Kahn 1988). Use of Saccharomyces cerevisiae as a model system 
allowed the determination of a role for Arf1 in the secretory pathway, along 
with its intracellular localisation at the Golgi (Stearns et al. 1990). Arfs are 
ubiquitously expressed in eukaryotic cells and are major regulators of 
intercellular vesicle trafficking. They have been found to be conserved across 
many species, including yeast, fish, insects and animals, indicating an 
important role for them in cellular functions. Subsequent characterisation of 
the Arf family in mammals has identified six members, which have been 
separated into three classes on the basis of sequence homology. Class I 
comprises Arfs 1-3, class II consists of Arfs 4 and 5, and class III contains Arf6 
(Tsuchiya et al. 1991). The classes of Arfs also differ in their intracellular 
localisation, which is dependent on their nucleotide bound states. Class I and 
II Arfs are found to be cytosolic in their GDP-bound inactive form, and 
exchange of the bound GDP for GTP (activation) stimulates their 
translocation to the Golgi membrane (Randazzo et al. 1993, Hosaka et al. 
1996). Here, localisation is a result of the N-terminal myristoylation (a lipid 
anchor modification of eukaryotes and viral proteins that targets them to 
membrane locations), which is common to all members of the Arf family 
(Haun et al. 1993, Randazzo et al. 1993, D'Souza-Schorey and Stahl 1995). 
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Arfs contain an amino-terminal amphiatic helix which is co-translationally 
modified by myrostolytaion of glycine 2, which is important for interactions 
between helix and acidic head groups of membrane lipids. Arf6 lacks 4 amino 
acid residues in the helix (Kahn, Goddard, and Newkirk 1988). Arfs are 
ubiquitously expressed and its sequence at the amino acid level is conserved 
in all eukaryotes (D'Souza-Schorey and Chavrier 2006). Arf proteins have 
been identified in Giardia lamblia, a protozoan intestinal parasite (Murtagh 
et al. 1992). Since this thesis was focused on a GEF specific for Arf6, I have 
discussed below Arf6 in further detail. 
 

1.13 Arf6 
 
In mouse, Arf6 expression is especially high in the brain, stomach, liver, 
kidney, large intestine, testes, ovaries and uterus, while its expression is very 
low in the heart and skeletal muscle (Akiyama et al. 2010). The human Arf6 
gene is located at chromosome location 7q22.1. It is an 175 amino acids 
protein produced with a molecular weight of 21kDa (Kim 1999). Arf6 shares 
66% sequence homology at the amino acid level with Arf1, making it the most 
divergent out of all Arfs. Arf6 appears to be localised differently to the other 
Arfs inside the cells, with its GTP-bound form being found exclusively at the 
plasma membrane, and its GDP-bound form being found predominantly on 
the membrane of a tubulovesicular structure believed to be an endocytic 
compartment (Peters et al. 1995). The presence of Arf6-GDP in the cytosol of 
cells has also been noted under certain conditions (Gaschet and Hsu 1999). 
In one study, Arf6 has also been shown, in its GDP-bound inactive form, at 
the plasma membrane (Macia et al. 2004). 
 
One of the earliest documented functions of Arf6 is its role in the secretory 
pathway of the yeast S. cerevisiae (Lee, Moss, and Vaughan 1992). Since then, 
Arf6 has been noted to be involved in cellular processes ranging from 
endocytosis (D'Souza-Schorey and Stahl 1995) and exocytosis (Galas et al. 
1997) to the activation of Rho family small GTPases (Radhakrishna et al. 
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1999) and the reorganisation of the actin cytoskeleton (D'Souza-Schorey et al. 
1997). More recently, Arf6 has been found to play roles in cytokinesis (Ueda 
et al. 2013), neutrite outgrowth (Jang et al. 2016) and stability of the platelet 
cytoskeleton (Urban et al. 2016). All of these functions are dependent on the 
GDP/GTP (‘inactivation’/’activation’) cycle of Arf6, which, as already 
mentioned previously, is mediated by GEFs and GAPs (Figure 1.5).  
 

 
Figure 1.5 Arf6 cycles between the inactive GDP-bound and active GTP-

bound forms, which is regulated by GEFs and GAPs. Upon agonist 
stimulation, GDP on Arf6 is exchanged for GTP by the action of Arf6-specific 
GEFs, resulting in the activation of Arf6 (Arf6-GTP). The activated Arf6 then 
transduces the signal downstream to regulate actin cytoskeleton remodelling 
and membrane trafficking at the plasma membrane and endosomes. 
Thereafter, Arf6 is inactivated (Arf6-GDP) by the support of GAPs. To date, 
8 members of Arf6 GEFs, which belong to BRAG, cytohesin, and EFA6 
families (highlighted in green), and 9 members of Arf6 GAPs, which belong to 
GIT, ARAP, ACAP, ADAP and SMAP families (highlighted in red), have been 
identified. Redrawn from (Yamauchi, Miura et al. 2016).  
 
The crystal structure of Arf6 bound to the GTP analogue GTPgS revealed that 
similar to the GTP-bound H-Ras conformation, the switch I and switch II 
undergo major conformational changes (Figure 1.6). During the transition 
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between the GDP to GTP conformation, Thr44 at the C-terminus of the switch 
I motif forms a hydrogen bond with the g-phosphate of GTP and Mg2+ 
(Pasqualato, Ménétrey, et al. 2001). In addition, the amino end Gly66 and 
Gln67 of switch II motif also binds the g-phosphate of GTP. This ‘active’ 
conformation state is highly stable in the absence of a GAP, the bound GTP 
hydrolysis does not occur (Pasqualato, Ménétrey, et al. 2001). Interestingly, 
in their GTP-bound states, both Arf1 and Arf6 undergo identical 
conformational changes and hence they are not recognized as different Arf 
isoforms by effectors. This suggests that the GEFs recognize other than the 
switch regions, or that cellular localisation of the GDP-bound Arf determines 
whether GEFs differentiate between these Arf isoforms (Al-Awar et al. 2000). 
In addition, (Pasqualato, Ménétrey, et al. 2001) also showed that the major 
conformational changes take place only when Arf1 and Arf6 are in their 
inactive GDP-bound state – which GEFs can use to recognize their Arf 
substrates?.  
 
 

Figure 1.6 The crystal structures of active and inactive forms of Arf6. The 
full-length, non-myristoylated human Arf6 bound to either the GTP analogue 
GTPγS (the active form) or GDP (the inactive form). From (Menetrey et al. 
2000, Pasqualato, Menetrey, et al. 2001, Macia et al. 2004) (Menetrey, et al. 
2000;Pasqualato, et al. 2001;Macia, et al. 2004).  
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1.13.1 Subcellular localisation of Arf6  
 
Arf6 has been shown to be localised to the plasma membrane in human 
embryonic kidney (HEK) 293 cells (Peters et al. 1995) and chinese hamster 
ovary (CHO) cells (Cavenagh et al. 1996). As mentioned previously, Arf6 has 
a different amino acid sequence to other Arfs and the presence of basic 
residues around the amphiatic helix allows its interactions with acidic head 
groups of lipids at the plasma membrane. The use of Arf6 mutants locked 
either in an active or inactive state in the localisation studies confirmed that 
the subcellular localisation of Arf6 is based on its nucleotide bound status. 
The Arf6Q67L (constitutively active) is shown to localise to the plasma 
membrane whereas Arf6T27N (constitutively inactive) mutant shows the 
perinuclear endosomal localisation (D'Souza-Schorey et al. 1998, 
Venkateswarlu and Cullen 2000). In some cells, Arf6 appears to have 
different subcellular localisations. For example, in chromaffin 
neuroendocrine cells, Arf6 is localised to secretory chromaffin granules and 
upon activation, it translocates from the secretory granules to the plasma 
membrane (Caumont et al. 1998). Arf6 distribution, therefore, alters within 
the cell in response to the cellular activity. For example, it can concentrate at 
cleavage furrows during cytokinesis (Schweitzer and D'Souza-Schorey 2002).  
 

1.13.2 Functional roles of Arf6 
 
1.13.2.1 Arf6 role in activating Phosphoinositides and Lipid metabolism  
 

Upon activation by GEFs, Arf6 translocates to the plasma membrane where 
it recruits and activates various effectors to regulate membrane trafficking 
and actin cytoskeleton re-organization. The Phosphoinositides (PI) are 
inositol lipids, which – by acting as Arf6 effectors - play an important role in 
mediating the Arf6 activity. At the plasma membrane, 
phosphatidylinositol(PI)-4-phosphate 5-kinase (PI4P5K, also known as 
PIP5K) is bound and activated by Arf6-GTP to generate the PI 4,5-
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bisphosphate (PI 4,5-P2), which plays an important role in signal transduction 
pathways, actin cytoskeleton reorganization, clathrin-dependent endocytosis 
and regulation of membrane morphology (Di Paolo and De Camilli 2006). Arf6 
has been shown to activate all three isoforms (a, b and g) of PIP5K (Funakoshi 
et al. 2010). Functional significance of this has been shown in endosomal 
recycling in HeLa, COS-7 and MIN6 cells; exocytosis of neurotransmitters, 
dense core vesicles, lytic granules and insulin; recruitment of the AP-2 
adaptor required for clathrin mediated endocytosis; membrane ruffle 
formation; neurite outgrowth in rat hippocampal neurons, connecting it to 
neuronal development; and invasion into host cells by microbes such as 
Yersinia pseudotuberculosis or Chlamydia trachomatis (Funakoshi et al. 
2010).  Overexpression of PIP5Kα has been shown to cause the formation of 
large vacuoles identical to those induced by expression of the constitutively 
active mutant of Arf6 (Arf6Q67L) (Brown et al. 2001), suggesting that it has 
a role in Arf6 mediated membrane trafficking. In addition, Arf6 can activate 
other effectors such as phospholipase D (PLD), which has been shown to occur 
in a GEF-dependent manner (Santy and Casanova 2001). The product of 
activated PLD is the intracellular messenger, phosphatidic acid (PA) -  which 
itself can be converted to other lipid mediators, diacylglycerol (DAG) and  
lysophosphatidic acid (LPA) (McDermott, Wakelam, and Morris 2004).  
 
A recent study has implicated Arf6 in the trafficking of intracellular 
cholesterol distribution and metabolism. As demonstrated by (Marquer et al. 
2016), cholesterol particles in the form of cholesteryl esters are internalized 
by the Low-density Lipoprotein (LDL) receptor, trafficked to the lumen of late 
endosomes/lysosomes (LE/LYS), where they are hydrolysed to free 
cholesterol. The cholesterol is then transferred via Niemann–Pick type C 
protein (NPC2), a cargo of the Cation-Independent Mannose-6-Phosphate 
Receptor (CI-M6PR), to NPC1 which redistributes the cholesterol to other 
cellular compartments. Marquer and colleagues have shown that Arf6 
conditional knockout in mouse leads to cholesterol accumulation and 
redistributions in the LE/LYS due to the mistrafficking of NPC2 away from 
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lysosomes (Marquer et al. 2016). Hence, they proposed a mechanism for Arf6 
regulation of cholesterol homeostasis where Arf6 controls an endosomal pool 
of PI 4,5-P2 and regulates retromer tubules dynamics in the endosome-to-
TGN pathway, consequently impacting CI-M6PR and NPC2 localization.  
 

1.13.2.2. Arf6 role in actin rearrangement 
 
Arf6 and the cytohesin family of Arf GEFs play pivotal roles in the activation 
of the Rho family of small GTPases such as Rac1 (Santy, Ravichandran, and 
Casanova 2005). Previous studies have shown co-localisation of Rac1 specific 
GEFs with members of the cytohesin family, and that the formation of 
lamellipodia and subsequent cell migration is dependent on the coupling 
between Arf6 and Rac1 activities (Santy, Ravichandran, and Casanova 2005). 
This is exemplified by Arf6 recruitment of Rac1 GEF, Kalirin, to the plasma 
membrane to facilitate Rac activation and lamellipodia formation  (Koo, 
Eipper, and Donaldson 2007). Arf6 also indirectly activates the WAVE 
regulatory complex (WRC) at the plasma membrane. It recruits 
cytohesin2/ARNO to the plasma membrane, which activates Arf1 that 
subsequently activates the WRC (Humphreys et al. 2013a). The WRC 
complex is able to control actin cytoskeletal by stimulating the actin-
nucleating activity of the Arp2/3 complex at the membrane (Chen et al. 2014). 
Recently, Humphreys et al. (2016) have shown that this mechanism is 
hijacked by Escherichia coli (E.coli) in order to evade macrophage-mediated 
phagocytosis. To counter phagocytosis, E coli, inject the virulence effector 
EspG into the host cells thereby inhibiting the WRC. EspG directly binds and 
inhibits Arf6 and Arf1 signalling. This results in less actin polymerisation 
and reduced phagocytosis (Humphreys, Singh, and Koronakis 2016).  
 

1.13.2.3 Arf6 role in endocytic pathway 
 
The connection between Arf6 activation and actin organization has 
implications in the endocytotic pathway as well as the endocytotic recycling 
pathway. As previously mentioned, Arf6 modulates the activation of PLD and 
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PI4P5K, resulting in the local accumulation of PI 4,5-P2. The active GTP-
bound Arf6 directly controls the assembly of clathrin/AP-2–coated pits of 
synaptic membranes via the stimulation of PI 4,5-P2 production mediated by 
PI4P5K activation (Krauss et al. 2003, Paleotti et al. 2005)  
 
In MDCK epithelial cells, it was shown that Arf6 interacts and recruits 
NM23-H1, a Nucleoside diphosphate (NDP) kinase that functions as a GTP 
source for dynamin-dependent fission of coated vesicles during E-cadherin 
endocytosis (Palacios et al. 2002). In human platelets, it was shown that Arf6 
activation of NM23-H1 also plays a critical role in P2Y12, a G protein-coupled 
receptor (GPCR), internalisation and the receptor resensistisation 
(Kanamarlapudi, Owens, et al. 2012). In adipocytes, Arf6 plays an important 
role in endothelin-induced lipid breakdown and cell migration (Davies et al. 
2014, Davies, Bain, and Kanamarlapudi 2014). Arf6 is also essential to the 
clathrin-mediated endocytosis of other GPCRs, including the luteinizing 
hormone/choriogonadotropin receptor (LHCGR) (Kanamarlapudi, Thompson, 
et al. 2012), the β2-adrenergic receptor (β2AR) (Claing et al. 2001, Lawrence 
et al. 2005b) the angiotensin type 1 receptor and the vasopressin type 2 
receptor (Houndolo, Boulay, and Claing 2005). Arf6 is also involved in 
clathrin-independent endocytosis of alpha-amino-3-hydroxy-5-methyl-14 
isoxazolepropionic acid (AMPA) receptor in hippocampal neurons (Scholz et 
al. 2010) and its endosomal recycling (Tagliatti et al. 2016). Arf6 also appears 
to be important in caveolae-dependent or caveolae independent endocytic 
pathways (D'Souza-Schorey and Chavrier 2006). The internalisation and 
degradation of ATP binding cassette transporter A1 (ABCA1), a transporter 
in cholesterol efflux pathway, is mediated by Arf6-dependent pathway 
whereas its recycling is independent of the Arf6 activity (Mukhamedova et al. 
2016). 
 
Arf6 also participates in exocytosis by modifying fusogenic lipids at the site 
of exocytosis (Begle et al. 2009). Recently, a mechanism for Arf6-specific 
regulation of acrosomal exocytosis in human sperm cells has been proposed: 
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Exocytic stimuli activate Arf6 which mediates the activation of PLD1, 
PI4P5K and phospholipase C (PLC) . This leads to PI 4,5-P2 hydrolysis and 
Inositol 1,4,5-trisphosphate (IP3) production, which induces acrosomal 
calcium release. In conjunction with calcium efflux, Arf6 stimulates a Rab 
GEF to activate Rab3A that assembles the membrane fusion machinery, 
leading to acrosomal exocytosis (Pelletan et al. 2015). 
 

1.13.2.4 Arf6 role in post-endocytic events 
 

Following internalisation, Arf6 participates in recycling of membrane 
component back to the plasma membrane including β-1 integrin (Powelka et 
al. 2004a) and major Histocompatibility Complex (MHC) Class I and the 
endogenous glycosylphosphatidylinositol inositol-anchored protein CD59 
(Naslavsky, Weigert, and Donaldson 2004). Arf6 has also been shown to 
regulate integrin transport in neuronal axons of Central Nervous System 
(CNS), which required for the regenerative ability of neurons (Eva et al. 
2012a).  
 
At the onset of cytokinesis, Arf6 becomes concentrated at a cleavage 
furrow/midbody during telophase and an abrupt, transient increase in Arf6-
GTP occurs simultaneously with cell division progression (Schweitzer and 
D'Souza-Schorey 2002). During the last stage of cytokinesis (abscission), Arf6 
stimulates the tethering between the Rab family interacting protein 
RabFIP3/RabFIP4 and the cleavage furrow – a step that is required for 
abscission (Fielding et al. 2005). Furthermore, Arf6 controls endocytic 
vesicles required for abscission through its interaction with its downstream 
effectors c-Jun-N-terminal-kinase (JNK) interacting proteins JIP3 and JIP4 
(Montagnac et al. 2009). Arf6 has also been shown to participate in the 
formation of autophagosomes (which transport lysosome-bound materials) 
through stimulating the production of PI 4,5-P2 (George et al. 2016).  
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The expression of either Arf1 or Arf3, as well Arf6, in platelets has been 
documented (Choi, Karim, and Whiteheart 2006, Kanamarlapudi, Owens, et 
al. 2012) but the function of Arfs in these cells remains largely to be 
determined.  Choi et al. (2006) and Kanamarlapudi et al (2012) have shown 
that Arf6, but not Arf1 or Arf3, has a prominent role in platelet aggregation 
following stimulation with either collagen or ADP, respectively. The Arf6-
GTP levels have been demonstrated to be altered following stimulation of the 
platelet collagen receptor GPVI with either collagen or the snake venom toxin 
convulxin or the platelet receptor P2Y12 receptor with ADP. Arf6 has also 
been shown to function upstream of the Rho family GTPases RhoA, Rac1 and 
Cdc42 (Choi, Karim, and Whiteheart 2006). Given the fact that Arf6 regulates 
integrin endocytosis, recently, platelet-specific-Arf6-knockout mice (KO) was 
used to show that Arf6 contributes to the endocytic trafficking of platelet 
αIIbß3 (Huang et al. 2016). The PDZ-LIM protein family regulates cell 
adhesion via interactions with α-actinin and integrin, as well as stabilizes the 
actin cytoskeleton (Krcmery et al. 2010). Recently, in mouse, PdLim7 (a 
member of the PDZ-LIM family) has been shown to regulate actin 
cytoskeleton organization and stabilize the platelet shape change via the 
regulation of the Arf6 activity (Urban et al. 2016). Emerging evidence implies 
that Arf6 may be integral to platelet adhesion and aggregation and overall 
platelet function. 
 

1.14 Arf6 GEFs  
 
As mentioned previously, the spontaneous release of GDP from a Arf-GDP 
complex is not generally possible at physiological concentration of Mg2+ 
without the involvement of GEFs, which promote the substitution of GDP by 
GTP on Arfs – leading to their activation. This catalytic activity depends on 
the GEF’s Sec7 domain – a region which is folded into 10 α-helices forming a 
hydrophobic groove with polar or charged residues that reside at the edge of 
the groove (Cherfils et al. 1998). The hydrophilic region contains a conserved 
‘Glutamic finger’ which when in close proximity with the Arf-GDP complex, 
displaces Mg2+ and the β-phosphate of GDP, destabilising the complex 
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(Beraud-Dufour et al. 1998). This glutamine residue is commonly mutated to 
abolish GEF activity in Arf-related functional studies – a mutation strategy 
that has also been utilized in this thesis (see chapter 5) 
 
In addition to the Sec7 domain, Arf6 GEFs also contain a PH domain, which 
is responsible for the plasma membrane localization by interacting with PI 
4,5-P2 and PI 3,4,5-trisphosphate (PIP3) (Kanamarlapudi 2014b, Cullen and 
Venkateswarlu 1999) and a C-terminal region which consists of one or more 
Coiled-Coil (CC) motif responsible for cytoskeleton rearrangements and 
interactions with downstream signalling proteins (Kanamarlapudi 2014b, 
Venkateswarlu 2003). In the following sections, both Arf6 GEFs (Figure 1.7) 
and GAPs will be discussed in general and those related to this thesis in 
greater detail. 
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Figure 1.7 Mammalian Arf6 GEFs. The structural domains of various Arf6 
GEF shown schematically. Within the EFA6 family of Arf6-specific GEFs, 
EFA6R is predominantly expressed as two isoforms in humans.  
 
1.14.1 Cytohesin GEF family 
 
There are four member of the cytohesin family (Cytohesins 1, 2,3 and 4), 
where only Cytohesin 1, Cytohesin 2/ARNO and Cytohesin 3/Grp1 have been 
shown to interact with Arf6 (in addition to Arf1) (Kolanus 2007). Cytohesin 4 
is the most divergent amongst the Cytohesin family of Arf GEFs and is found 
exclusively in leucocytes where it functions as a GEF for class I and II of Arfs 
rather than class III, to which Arf6 belongs to (Ogasawara et al. 2000). All 
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Cytohesins contain a Sec7 domain, a PH binding domain that specifically 
binds to PIP3 and an N-terminal CC domain (Gray, Van Der Kaay, and 
Downes 1999, Cullen and Venkateswarlu 1999) (See Figure 1.7).  
 
Cytohesin 1 (through Arf6 activation) mainly regulates cell adhesion in an 
integrin-dependent manner. In lymphocytes, it was found to interact with the 
cytoplasmic N-terminal region of β2-integrin part of Lymphocyte Function-
Associated antigen 1 (LFA-1) complex and thereby mediates β2-integrin 
binding to Intercellular Adhesion Molecule 1 (ICAM-1) (Kolanus, Nagel et al. 
1996). Since then, it has been found to promote human blood neutrophils 
adhesion and mediate dendritic cell adhesion and migration via β2-integrin 
and promote the adhesion of human hematopoteic stem and progenitor cells 
to mesenchymal stroma cells via β1-integrin (Quast et al. 2009, Boehm et al. 
2003, Rak et al. 2017).  
 
In preadipocyte 3T3-L1 cells, Cytohesin 2 has been shown to be bind (through 
its PH domain) to paxillin - the main component of focal adhesion complexes. 
The use of SecinH3 - a cytohesin antagonist - inhibited Cytohesin 2/paxillin 
complex formation, leading to significant attenuation of the Arf6-mediated 
cell migration (Torii et al. 2010). Later, (Davies et al. 2014) showed that 
Cytohesin 2 utilizes the Arf6/ERK1/2 signaling pathway during preadipocyte 
migration. In addition to cell migration, Cytohesin 2/Arf6 (and to a lesser 
extend Cytohesin 3) has been shown to be involved in insulin signaling where 
SecinH3 inhibition or siRNA knockdown of Cytohesin 2 results in hepatic 
insulin resistance, suggesting a role for it in the physiological changes that 
occur in type II diabetes  (Hafner et al. 2006). Cytohesin 2 has also been 
shown to regulates the early endosomal pathway and dendritic formation in 
neurons (Ito et al. 2018). While both Cytohesins 2 and 3 have abnormally high 
expression in hepatocellular carcinoma, knockdown studies have shown that 
cytohesin 3 potentiates tumor growth and new vasculature (Xu et al. 2013, 
Fu et al. 2014). In this thesis, we have also identified Cytohesins 2 and 3 
expressions in neuronal progenitor ReN cells with possible roles in mediating 
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neurite outgrowth via Arf6 during ReN cell differentiation into mature 
neurons.  
 

1.14.2 BRAGs 
 
The first BRAG (Brefeldin Resistant Arf GEF) isoform BRAG1 was discovered 
as an interacting partner of PSD95 in the Postsynaptic density (PSD) of 
excitatory synapses in adult rat forebrain (Sakagami 2008).  BRAG2/GEP100 
and BRAG3 are also found to be highly expressed in the brain, which suggests 
probable roles in mediating neuronal cell functions. The second BRAG 
isoform exists as two isoforms BRAG2a/GEP100 (150 kDa) and BRAG2b (120 
kDa); both isoforms are specific towards Arf6 (Dunphy et al. 2006b). BRAG2 
and Arf6 expression in the hippocampus is known to be low at birth, with 
BRAG2 expression increasing with age as a result of synaptogenesis (Scholz 
et al. 2010). (Sowmya, Madhavan, and Therese 2006) showed that BRAG2a 
can function independently to its role of an Arf6 GEF in phagocytic 
monocytes, where it induces apoptosis in a mechanism analogous to the 
Tumour necrosis factor-a (TNFα) induced apoptosis. The paper goes on to 
show evidence that BRAG2 and the Rac1 GEF Dock180 are important for 
myoblast fusion in the formation of skeletal muscle (Pajcini et al. 2008) 
 

1.14.3 EFA6 
 
In humans, the EFA6 GEF family consist of four members: EFA6A, EFA6B, 
EFA6C and EFA6R (also known as PSD3, EFA6R or HCA67), whereby 
additional isoforms by alternative splicing have been described for each 
member. EFA6R shares a common domain organization with other EFA6 
family members which consists of a Sec7 domain, which bears the catalytic 
GEF activity, a PH domain, which is responsible for the plasma membrane 
localisation by interacting with PIs, and a C-terminal region which consists 
of one or more CC motif responsible for cytoskeleton rearrangements and 
interactions with downstream signalling proteins (Kanamarlapudi 2014a). 
EFA6 family members contain a Sec7 domain that is 60-70 % similar to each 
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other, but only 30-35% similar to the Sec7 domain of ARNO/Cytohesin2 
(Derrien et al. 2002). Moreover, the PH domain of EFA6A is ~ 70% identical 
to EFA6C/EFA6R, and ~ 50% identical to EFA6B. Some isoforms of the EFA6 
family also contain a less conserved N-terminal domain, upstream of the Sec7 
domain, whose functions are mostly unknown.  
 
In human tissues, mRNA levels of EFA6A and EFA6C has been detected 
primarily in brain neuronal cells and to a lesser extent in the small intestine 
and colon. EFA6B has been detected mostly in the placenta, pancreas, spleen, 
thymus and peripheral blood while EFA6R/EFA6R expression profile reveals 
its presence is ubiquitous with highest presence in the brain and also the 
liver, the kidney, testis and the ovaries (Derrien et al. 2002). Although they 
are expressed in different tissues, their similarity in terms of protein domain, 
suggests a common functional role.  
 

1.14.4 EFA6A/EFA6/PSD1 
 
EFA6A was shown to be the first GEF to preferentially and exclusively 
catalyse the exchange of GDP with GTP on Arf6 rather than Arf1 (Macia, 
Chabre, and Franco 2001, Franco et al. 1999). This GEF activity is dependent 
upon a key conserved Glu424 residue; mutation of which abolishes its GEF 
activity (Franco et al. 1999). EFA6A is localised to the plasma membrane, 
where through Arf6, it assembles and organizes actin cytoskeleton and 
membrane trafficking while leaving the cis-Golgi networks, Endoplasmic 
Reticulum (ER) or lysosomal markers unperturbed (Franco et al. 1999). 
Independent of its activity and association with Arf6, EFA6 localizes and 
associates with the membrane through its PH domain (Franco et al. 1999, 
Chavrier and Franco 2001) (Deletion of the PH domain leads to cytosol 
localisation, rather than the plasma membrane). An integral part of this 
localisation is the binding affinity of the PH domain with PI 4,5-P2 (Macia et 
al. 2008). Plasma membrane localisation thereafter leads to Arf6 activation. 
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Furthermore, the PH domain simultaneously binds with F-actin, 
coordinating cortical actin dynamics (Macia et al. 2008) 
 

1.14.5 Role of EFA6A in tight junction proteins 
 
Both adherent junctions and tight junctions are associated with the actin 
cytoskeleton. EFA6A/Arf6 accelerates the formation of Tight junction (TJ) 
proteins at the plasma membrane (Tritarelli et al. 2004)(Klein et al. 2008). In 
MDCK cells, the expression of EFA6A, delayed the endocytosis of the 
transmembrane proteins claudin-2 and occludin, resulting in the retention of 
these TJ proteins at the plasma membrane. Here, EFA6A stabilizes the apical 
actin ring onto which the TJ protein is anchored (Tritarelli et al. 2004)(Luton 
2006)(Klein et al. 2008).  
 

1.14.6 The role of EFA6A in the brain 
 
EFA6A expression is shown to be predominantly a brain-specific, more 
precisely a forebrain structure of the brain (Choi, Karim, and Whiteheart 
2006). Although in rat retina, EFA6A has shown relatively low expression 
(compared to brain) at presynaptic photoreceptors (Katsumata et al. 2008). 
Furthermore, in adult mice testes, EFA6A is expressed in mitotic cells 
(Suzuki et al. 2009). Accordingly, studies into its functional role have showed 
that this multi-domain protein is involved in many neurocellular events. Its 
co-localisation with Arf6 at the plasma membrane has been shown to promote 
the formation of membrane protrusions (filopodia) in the advent of dendritic 
spine development (which assist in transmitting electrical signals to neuronal 
cells) and its maintenance of mature spines (Raemaekers et al. 2012, Choi, 
Karim, and Whiteheart 2006). In support of this, in dendritic spines, 
exogenously expressed EFA6A (via its C-terminal region) and actinin-α1 (an 
F-actin linking protein) show co-localization and interaction, highlighting a 
possible mechanism of Arf6-independent interaction with the actin 
cytoskeleton (Sakagami et al. 2007). mRNA expression of EFA6A has also 
been sighted in rat hippocampus and its protein product was observed as a 
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key mediator of neuronal development (Sakagami et al. 2006). Furthermore, 
by activating Arf6, and directly interacting with a  family of K+ ion channels, 
TWIKI1, it is able to mediate TWIKI1 internalization and recycling 
(Decressac et al. 2004). EFA6A expression is elevated in glioma tissue 
samples. The role of EFA6A in glioma cell invasion has been shown to be 
dependent on its GEF activity. Through the activation of ERK1/2 of the 
MAPK pathway signals, via Arf6 activation, EFA6A regulates the migration 
and invasion of glioma cells (Li et al. 2006). In neuroblastoma cells, Sorting 
Nexin-1 (SNX-1) interaction with the C-terminal region of EFA6A, as well as 
EFA6A-mediated Arf6 activation, has been shown to promote neutrite 
outgrowth (Fukaya et al. 2014). 
 

1.14.7 EFA6B/PSD4 
 
Similar to EFA6A, EFA6B preferentially functions as a GEF for Arf6 and not 
for Arf1 (Derrien et al. 2002). Initial studies into the role of EFA6B 
highlighted its involvement in accelerating the formation of TJ proteins at 
the plasma membrane (Klein et al. 2008). In MDCK cells, the over-expression 
of EFA6B delayed the endocytosis of claudin-2 and occludin, resulting in the 
retention of these TJ proteins at the plasma membrane. EFA6B has been 
shown to accelerate the assembly of TJ proteins and re-arrangement of the 
actin cytoskeleton. This action is thought to be the associated with EFA6B’s 
role in stabilizing the apical actin ring onto which the TJ protein is anchored 
during polarization of the actin cytoskeleton (Klein et al. 2008, Luton 2005).  
 
Recently, the N-terminal regions of EFA6B/EFA6R have been shown to 
associate with Dynamin2 (Dyn2) during Arf6-induced clathrin mediated 
endocytosis (Okada et al. 2015a). In breast cancer cells, reduced EFA6B 
expression correlates with disease progression (Zangari et al. 2014). 
Interestingly, EFA6B over-expression in MCF7 cells promote an epithelial 
phenotype characterized by promotion of TJ proteins as well as blocking the 
transformer growth factor β (TGF-ß) pathway – shown to be an early inducer 
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of disassembly of TJ proteins and the epithelial mesenchymal transition 
(EMT) (Zangari et al. 2014).  
 

1.14.8 EFA6C/PSD2 
 
EFA6C was the third family of EFA6 to be discovered, exclusively in the brain 
(in Cerebellar Purkinje cells) as a single band of 42.kb mRNA, while no 
expression was detected in the heart, lung, thymus, spleen, liver, small 
intestine, kidney, testis or skeletal muscle (Matsuya et al. 2005). (Matsuya et 
al. 2005) showed that in Hela cells, exogenous expression of EFA6C localized 
to the plasma membrane, where it activated Arf6 (via its Sec7 domain). In 
addition, EFA6C also interacted with F-actin via its C-terminal region. 
Overall, EFA6R/Arf6 was shown to stimulate actin organization and 
membrane protrusions.   
 

1.14.9 EFA6R/EFA6D/PSD3/HCA67 
 
As a member of the EFA6 family of Arf6-specific GEFs, EFA6R has been 
shown to preferentially activate Arf6 at the cell periphery. This GEF activity 
is dependent upon its localisation at the plasma membrane which is mediated 
by its PH domain and stabilized by its CC domain (Kanamarlapudi 2014b). 
Alternative splicing of the EFA6R gene has been described in both mouse and 
humans. However, further analysis of these variants is needed to see why 
they are differentially expressed. Thus far, four physical interacting partners 
(MX1, MLH, PMS2 and ARAP1) and one highly probably partner (Dyn2), 
based on interaction of EFA6B with Dyn2 and sequence similarity between 
EFA6B and EFA6R (Okada et al. 2015a), and one genetic interaction (TP53) 
have been identified. However, no further characterisation of these 
interactions have been undertaken so far. Recently a mechanism of Arf6-
induced clathrin mediated endocytosis (CME) has shown that Dyn2 is able to 
activate Arf6 through association with EFA6B and EFA6R. Furthermore, 
multiple Arf6 GEFs, including EFA6R, have shown to mediate β-1 integrin 
recycling, suggesting that alteration of Arf6 GEFs expression as therapeutic 
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strategy to counter angiogenesis and growth (Hongu et al. 2015). In ovarian 
cancer, EFA6R has been shown to be downregulated in high-grade EOC 
compared to low-grade EOC, indicating this GEF as a potential tumour 
suppressor gene and biomarker for ovarian cancer (Pils et al. 2005a).  

 

1.14.9.1 Sites of Expression and EFA6R isoforms 
 

Splice isoforms and sites of expression, in Mouse 
 
Initially, EFA6R was shown to encode a protein of 1004-amino acids, in the 
mouse brain (Sakagami et al. 2006). Further in situ hybridization analysis 
revealed that EFA6R was highly expressed in the hippocampal region of mice 
brain whereas other EFA6 family members differed in their spatiotemporal 
localisation. Real-time quantitative Polymerase Chain Reaction (RT-qPCR) 
analysis of various adult mice tissues showed that EFA6R expression is 
highest in the brain, eye, thymus, lung, spleen and testis while a lower 
expression in the small intestine, kidney and heart (Sakagami et al. 2006).  
 
Recent studies into EFA6R splice isoforms have broadened our 
understanding of their distinct cellular/subcellular localisations and 
expression. (Fukaya et al. 2016) detected a high mRNA expression of EFA6R 
isoform 1,2,3 and 4 in the adult mouse brain (Figure 1.8) (Fukaya et al. 2016). 
The Sec7 domain is conserved in EFA6R variants 1 and 2, whereas variants 
3 and 4 lack this domain, inferring that these isoforms have Arf6-independnet 
roles. In order to detect corresponding protein expression levels, they used 
isoform-specific anti-EFA6R antibodies to detect endogenous expression of 
EFA6R isoforms. This resulted in observing immunoreactive bands at 140-
kDa, corresponding to EFA6Rs 1 and 2, and a 43-kDa band, corresponding to 
EFA6R 3 (Fukaya et al. 2016). Interestingly, the anti-EFA6R 3/4 antibody 
failed to detect EFA6R 4, indicating that this variant could be downregulated 
post-transcriptionally (possible during translation or degradation) or, as the 
authors have noted, the antibody may not have been sufficiently sensitive 
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enough to detect endogenous expression of EFA6R 4. Immunohistochemically 
analysis into the subcellular localisation of EFA6Rs 1, 2 and 3 showed 
significant overlap in the mouse brain. In the hippocampal CA3 region for 
example, EFA6Rs 1 and 2 were predominately localized at the axon fibres of 
mossy fibres whereas EFA6R 3 was mostly localized to cell bodies, dendritic 
shafts and spines of hippocampal pyramidal cells (Fukaya et al. 2016). 
Overall, these results suggest that EFA6R variants are functionally diverse 
in the mouse brain.  
 
EFA6R expression has also been detected in mice adrenal cortical tissues and 
immunoblotting analysis revealed an immunoreactive band size of ~140kd 
which is similar to mice brain EFA6Rs 1 and 2 (Chomphoo et al. 2016). 
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Figure 1.8. EFA6R isoforms and their domains in (A) humans and (B) mice.  
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Splice isoforms and sites of expression, in Humans 
 
Alternative splicing of the EFA6R gene generates two isoforms in humans: 
EFA6R A (1048 aa, 116kDa) and B (513 aa, 56kDa). These isoforms both 
possess a Sec7, PH and CC domain (Kanamarlapudi 2014a). Based on 
sequence comparison, the long human EFA6R A is the counterpart to mouse 
EFA6Rs 1 and 2, whereas the small human EFA6R B corresponds to mouse 
EFA6R 3 isoform. In human tissues, thus far, only EFA6R B has been 
detected with high expression levels in the brain, liver spleen and testis and 
lower expression levels in small intestine, kidney, stomach and ovaries 
(Kanamarlapudi 2014a). By taking both the mouse and human EFA6R 
expression studies into account, it seems that the expression pattern of 
EFA6R isoforms may be species-specific. However, further expression 
analysis is required to clarify the recent findings.  
 
In cell lines, a 37-56kDa protein band corresponding to EFA6R B has been 
detected in MCF7, PC12, Hela, COS-7, HEK293 and A549 cell lines 
(Kanamarlapudi 2014). Recently, we have shown that EFA6R is also 
expressed in some ovarian cancer cell lines such as OVCAR3, COV644 and 
UWB 1.289, CAOV3 while absent in TOV21G, SKOV3, OVSAHO, OVCAR8, 
IGROV1, Cis-A2780, and COV318 (unpublished data). In addition, EFA6R A 
expression has also been detected in HEK293 and ReN cells (See section 
5.3.2). 
 

1.14.9.2 The functions of EFA6R structural motifs 
 

Sequence alignment of EFA6R with other members the EFA6 family show 
that EFA6R shares the core catalytic Sec7 domain, the PH domain and the 
CC domain of EFA6 family GEFs. A recent study has shown that EFA6R 
isoform B preferentially activates Arf6 (Kanamarlapudi 2014a). In vivo 
nucleotide exchange assays indicate that EFA6R B specifically catalyse the 
GTP loading of Arf6 when over expressed in mammalian cells. Furthermore, 
EFA6R B is able to regulates Arf6 localisation and induce the loss of actin 
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stress fibres through Arf6 activation. This GEF activity is dependent upon 
the functional presence of the Sec7 catalytic domain. When the catalytically 
inactive mutant EFA6R (E134K) was exogenously expressed in COS-7 cells, 
Arf6 failed to activate (Kanamarlapudi 2014). The various EFA6R motif 
constructs have shown that the PH and CC domains contribute to the 
targeting of EFA6R to the plasma membrane, independent of the presence of 
the Sec7 domain (Kanamarlapudi 2014a). Through its PH domain, EFA6R is 
able to specifically bind PI 4,5-P2 in in vitro. Interestingly, the PH domain 
alone seems to be insufficient for the PI binding, indicating that adjacent 
sequences may be necessary for proper folding and binding to the membrane 
PIs. Therefore, EFA6R functioning as an Arf6-specific GEF depends on its 
membrane localization by the interaction of its PH domain with PI 4,5-P2 in 
the membrane. This localisation seems to be further stabilized through the 
interaction of the CC domain with the actin cytoskeleton (Kanamarlapudi 
2014a). 
 

1.14.9.3 Other EFA6R interacting protein network 
 
In humans, the BioGrid interaction repository (https://thebiogrid.org/) has 
identified four physical proteins and one genetic interaction between EFA6R 
and its interacting partners. Using a yeast-two hybrid system, ARAP1 (a 
member of the ArfGAP family) and MX1 (a dynamin-like large GTPase 
involved in viral resistance) has been shown to interact with EFA6R (Yoon et 
al. 2011, Brantis-de-Carvalho et al. 2015). In addition, Affinity Capture Mass 
Spectrometry analysis has identified MLH and PMS2 (components of the 
post-replicative DNA mismatch repair system) as interacting partners of 
EFA6R (Cannavo et al. 2007). Although there is no evidence of a physical 
interactions between EFA6R and TP53, genetic interaction analysis have 
shown that mutations in both genes result in cumulative cellular defects in 
human cancer cells (Xie et al. 2012).  

 
The role of Arf6 in CME as well as reorganization of the actin cytoskeleton 
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has been well documented (D'Souza-Schorey and Chavrier 2006). The large 
GTPase Dynamin (Dyn) proteins play a role in forming endocytic vesicles as 
well as their scission during CME (Praefcke and McMahon 2004). A recent 
study into the mechanisms of CME have shown that Dyn2 activation of Arf6 
is mediated by members of the EFA6 Arf GEF family (Okada et al. 2015a). In 
Hela cells, EFA6B and EFA6R co-localize with Dyn2 at the cell periphery 
where immunoprecipitation studies have shown the physical interaction 
between Dyn2 and EFA6B. This interaction occurs through the N-terminal 
145-185 amino acid region of EFA6B. This region is >50% conserved in 
EFA6R – raising the prospect of similar Dyn2 interactions at the plasma 
membrane. Hence, both EFA6B and EFA6R mediate Dyn2 -induced Arf6 
activation in CME, possibly by activating Arf6 sequentially at different stages 
of CME (Okada et al. 2015a).  
 

1.14.9.4 Clinical Implications 
 
The roles of EFA6R in Cancer 
 
It has been shown that the Loss Of Heterozygosity (LOH) on the short arm of 
chromosome 8 is associated with sporadic epithelial ovarian cancer (Brown et 
al. 1999). One study showed that serous and mucinous carcinomas, which 
alongside clear-cell and endometroid carcinomas make up the majority of 
epithelial ovarian cancer cases, differed with respect to the frequency and 
pattern of LOH at 8p (Lassus et al. 2001). At distal regions of chromosome 
8p, allelic analysis of 8p21-p23, showed that 67% serous carcinoma samples 
display LOH whereas only 21% of mucinous carcinomas showed allelic loss 
(Lassus et al. 2001). Hence, the study of functional characterisation of genes 
that are located at the 8p chromosomal region may lead to discovery of 
tumour suppressers involved primarily in ovarian serous carcinomas. As such 
EFA6R has been implicated in epithelial ovarian cancer as well as breast 
cancer metastasis (Pils et al. 2005a, Thomassen, Tan, and Kruse 2009).  
 
In EOC, EFA6R down-regulation in high-grade carcinomas (particularly the 
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serous subtype) compared to low-grade carcinomas significantly impacts 
survival of patients (Pils et al. 2005a). Although EFA6R was down-regulated 
in high-grade primary ovarian tumour samples, its expression in ovarian 
cancer cell lines was less clear (Pils et al. 2005a). This is possibly due to the 
poor characterization of ovarian cancer cell lines at the time. To address this 
issue, recent publications have aimed to authenticate the histological 
background of ovarian cancer cell line, as well as assess whether these cell 
lines resemble their tumours of origin - using integrated genomic and 
proteomic approaches (Domcke et al. 2013, Coscia et al. 2016). Therefore, 
EFA6R downregulation correlates with progression of ovarian carcinomas 
and hence can be used as a biomarker of ovarian carcinomas.  
 

The roles of EFA6R in other diseases 
 

In mouse brain, gene expression analysis have identified EFA6R as a 
schizophrenia-associated biomarker (Mozhui et al. 2011) while genome wide 
association studies has identified EFA6R as a genetic risk factor for 
systematic sclerosis (Martin et al. 2012, Jin et al. 2014). Recently, an in vivo 
study conducted by Hongu and colleagues showed that Arf6 is required for 
Hepatocyte growth factor (HGF) dependent tumour neoangiogenesis and 
growth (Hongu et al. 2015). Using Arf6 knockout mice, it was shown that Arf6 
deletion abolishes b-1 integrin recycling. Knockdown of Arf6 GEFs (GEP100, 

EFA6B,EFA6R and Cytohesin 3/GRP1) inhibited b-1 integrin recycling, 
suggesting that Arf6-mediated b-1 integrin recycling depends on multiple 
Arf6 GEFs. However, their functional roles may differ as EFA6R, EFA6B and 
GEP100 co-localize with β-1 integrin at the plasma membrane, whereas 
Cytohesin 3/GRP1 does not (Hongu et al. 2015).  
 

1.15 Arf6 GAPs 
 
Arf6 GAPs generally function as negative regulators through which multiple 
signals converge to control Arf6-GTP levels. This way, in addition to their 
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Arf6 GAP activity, they may act as scaffolds for proteins that directly effect 
Arf6-mediated functions (Vitali et al. 2017). (Arf6-specific GAPs are displayed 
in figure 1.5).   
 

1.15.1 ARAPs 

 
The subfamily of ARAP includes three members: ARAP1, ARAP2, and 
ARAP3, which act as GAPs for both Arf and Rho family small GTPases. 
ARAP3 was originally identified as a phosphatidylinositol (3,4,5)-
trisphosphate (PI 3,4,5-P3) second messenger binding protein in porcine 
leukocyte cytosol (Krugmann et al. 2002). It consists of a sterile alpha motif 
(SAM) domain, five PH domains, a Rho GAP domain and an Arf GAP domain, 
and a Ras Associating (RA) domain. ARAP3 activity has been shown to be 
dependent on its N-terminal PH domain binding to PI 3,4,5-P3 (Craig et al. 
2010). It is largely localized within the cytosol of unstimulated cells and in 
the F-actin dense membrane ruffles and lamellipodia of some cells. ARAP3 
binding to PI 3,4,5-P3 through the N-terminal PH1 domain leads to its 
translocation to the plasma membrane. It has been shown to play a role in 
the regulation of the actin cytoskeleton, lamellipodia formation, cell 
spreading as well as modulating embryonic development and nerve 
regeneration (Krugmann et al. 2006, I et al. 2004, Song et al. 2014, 
Kartopawiro et al. 2014, Jeon et al. 2012). ARAP3 also inactivates RhoA in 
response to NGF, bFGF and cAMP leading to neurite outgrowth from PC12 
cells (Jeon et al. 2010). It has been shown to inhibit peritoneal dissemination 
of scirrhous gastric carcinoma cells by regulating cell adhesion and invasion 
(Yagi et al. 2011). ARAP3 is tyrosine phosphorylated by Src, which negatively 
regulates its cellular functions. It forms a multimeric protein complex with 
CIN85/CMS, SH2-containing inositol phosphatase 2 (SHIP2) and Vav2, but 
the physiological significance of these interactions are not yet fully 
understood (Raaijmakers et al. 2007). ARAP3 interacts with CIN85/CMS 
through its proline–arginine motif, with SHIP2 using the SAM domain and 
with Vav2 using two phosphorylated residues, T1403 and Y1408 (Wu et al. 
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2012). It also binds to Rap1 through the RA domain. Studies have shown that 
ARAP3 expression is ubiquitous, albeit uneven with the strongest expression 
detected in leukocytes and in the spleen (Krugmann et al. 2002).  ARAP3 
knockdown with RNAi alters cell shape and reduces PDGF-induced 
lamellipodia formation in fibroblasts, increases RhoA activity in monocytes 
and decreases migration of LED cells (Kartopawiro et al. 2014). Knockout of 
ARAP3 in mouse results in embryonic death in mid-gestation due to defect in 
sprouting angiogenesis. ARAP3 inducible knockout studies revealed that it 
regulates chemotaxis and adhesion-dependent processes in neutrophils 
(Gambardella et al. 2011).  
 
1.15.2 GITs 

 
The GIT family of Arf GAPs consist of GIT1 and two alternatively spliced 
GIT2 isoforms, GIT2 (short) and GIT2 (long) (Hoefen and Berk, 2006). Their 
structure consists of a core of N-terminal Arf GAP domain, followed by three 
Ankyrin (ANK) ANK repeats and a SHD domain, followed by a CC motif and 
an extended C-terminal region which contains a putative leucine zipper and 
a PBS domain for paxillin binding.  Membrane localization of GITs and their 
effect on endocytosis of GPCRs implicates them in the regulation of Arf6 
function; one of their functions being in endocytosis of GPCRs through 
binding of GRKs (Premont et al. 1998). GIT2 co-localises to focal adhesions 
following phosphorylation by FAK or Src and whilst GIT1 may also be 
phosphorylated by these kinases their focal adhesions localisation is not 
dependent on this.  Finally, the GIT family of Arf GAPs have been implicated 
in the formation of lamellipodia and filopodia required for cell migration 
through the interaction with PIX and Rac-1/cdc42 activated PAK (Hoefen and 
Berk 2006) 
 
1.15.3 SMAPs 

 
The Stromal Membrane Associated Protein (SMAP) subfamily of Arf GAPs 
consists of SMAP1 and SMAP2 in mammalian cells. SMAP1 preferentially 
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interacts with Arf6 over Arf1 through its Arf GAP domain and it interacts 
directly with Clathrin heavy chain (CHC) through its clathrin-binding motif. 
In addition to these domains, SMAP2 contains a Clathrin assembly lymphoid 
myeloid (CALM) binding domain, which allows it to interact with CALM and 
regulate clathrin coat formation. Although no experimental evidence yet 
exists for SMAP1-CALM interaction, the amino acid sequence alignment of 
SMAP1 and SMAP2 shows conserved regions in the CALM-interaction 
region, an indication of similar functional role in SMAP1 (Tanabe et al. 2005). 
The functional presence of these domains allows SMAP1 and SMAP2 to 
support Arf-mediated endocytosis. The SMAP2 C-terminus region has been 
shown to be necessary for its subcellular localisation (Sakakura et al. 2011). 
Since the C-terminus region of SMAP1 shows high sequence similarity with 
that of SMAP2, it can be assumed that SMAP1 C-terminus is also essential 
for its subcellular localisation (Sakakura et al. 2011). 
 
The main functions of SMAP1 discovered so far include the regulation of 
clathrin-dependent endocytosis, specifically of E-cadherin and transferrin 
receptor (TfnR) and b-catenin and sorting of cytoplasmic c-Kit (Tanabe et al. 
2005, Kobayashi et al. 2014). Both E-cadherin and TfnR are transported in 
clathrin-coated vesicles, and overexpression of SMAP1 – which results in Arf6 
inactivation – impairs endocytosis of each molecule (Tanabe et al. 2006). 
SMAP1 preferentially interacts with Arf6 over Arf1 via its Arf GAP domain, 
clathrin proteins via its CHC and CALM domains and binds to the carboxy-
terminal of SMAP2 (Tanabe et al. 2006). However, the functional relevance 
of these interactions is yet to be fully understood. It is likely that that both 
SMAPs 1 and 2 play a and compensatory role in regulating Arf-mediated 
endocytosis. Indeed, in vivo it has been shown that SMAP2 compensates for 
the absence of SMAP1 in TfnR endocytosis (Sakakura et al. 2011). In addition 
to its involvement in embryogenesis, SMAP1 also regulates epithelial 
mesenchymal transition (EMT) (Kon, et al. 2013;Sangar, et al. 2014)(Kon et 
al. 2008). SMAP1 deficient mice showed the inhibition of E-cadherin 
endocytosis and increased levels of key EMT markers such as snail, slug and 
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vimentin (Kon et al. 2008). The cumulative effect of these changes is an 
uncontrolled growth as a result of uncontrolled cell cycle– which represents 
some of the underlying reasons behind cancer progression. In cutaneous 
xerograph models, the over-expression of SMAP1 wild-type shown to inhibit 
tumour growth while its loss-of-function mutation expression increases 
tumour growth (Sangar et al. 2014). SMAP1 has been implicated in 
Microsatellite Instability Colorectal Carcinoma (MSI CRC) where its 
mutation frequency inversely correlates with disease progression (Sangar et 
al. 2014). In neuroblastoma cells, SMAP1 knockdown results in abnormal 
neurite outgrowth due to increased levels of NRF-1 (Tong et al. 2013).. Its 
association with the MLL gene implicates SMAP1 in high-risk acute 
leukaemia (Meyer et al. 2005). In summary, the SMAP family of Arf GAPs 
are key regulators of Arf6-mediated clathrin dependent endocytosis in vitro 
and in vivo and its emerging role in disease makes it a potential therapeutic 
target. 

 

1.15.4 ACAPS 

 
The ACAP (Arf GAP with coiled coil, ANK repeat and PH domains) Arf GAP 
family consists of three mammalian members: ACAP 1/Centaurin-b1, ACAP 

2/Centaurin-b2 and ACAP3/Centaurin-b3. They contain structurally a CC 
domain, followed by the PH, Arf GAP and ANK-repeat domains. Initial 
functional studies of ACAPs 1 and 2 showed that these GAPs co-localise with 
Arf6 at the cell periphery where they reduce Arf6 induced cell protrusions 
(Jackson et al. 2000). However, ACAP1 was shown to be more efficient in 
blocking protrusions than ACAP2. In contrast ACAP2 inhibited cell 
spreading in NIH3T3 cells more efficiently than ACAP1, suggesting that 
these GAPs work complementarily but are involved in different Arf6-
dependent events. The activities of ACAP1 and ACAP2 are dependent on 
Arf6-induced production of PA, which, in addition to being involved in 
membrane ruffling, is also involved in endosomal membrane recycling 
(Jovanovic, Brown, and Donaldson 2006). Knockdown of ACAP1 inhibits its 
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binding to the cytoplasmic domain of TfnR, resulting in attenuated TfnR 
recycling (Dai et al. 2004) and inhibited β1-integrin recycling and cell 
migration (Li et al. 2005). ACAP1 is also part of the clathrin coat complex, 
formed under the mediation of Arf6 which has been shown to be involved in 
GLUT4 recycling (Li et al. 2007).  
 
Similar to other GAPs, ACAPs also have Arf GAP domain dependent 
functions. For example, ACAP2 binds the Rab22 and Rab35 via its N-terminal 
region, which contains the CC domains and C-terminal region which holds 
the ANKR domain. Many studies have been conducted on the dynamic 
interaction of Rab-35 with ACAP2. Through this binding, Rab-35 localises 
ACAP2 to the plasma membrane where by inactivating Arf6, it stimulates 
the Rab-35 dependent neurite outgrowth in PC12 cells (Kanno et al. 2010, 
Kobayashi and Fukuda 2012). Activated Rab-35 is also involved in the early 
stages of phagosome formation. During FcgR phagocytosis, activated Rab-35 
recruits ACAP2 to the site of phagocytosis where it is involved in the 
formation of phagocytic cups. Through Arf6 inactivation, ACAP2 controls 
actin remodelling during the formation of these phagocytic cups (Egami, 
Fukuda, and Araki 2011). Inactivation of Arf6 by the Rab-35/ACAP2 complex 
also inhibits oligodendrocyte differentiation and myelination (Miyamoto et al. 
2014).  
 
Recently, a novel role for ACAP3 has been observed in mouse hippocampal 
neurons (Miura et al. 2016). Knockdown of ACAP3 in mouse hippocampal 
neuronal cells, resulted in attenuation of neurite outgrowth. Similarly, 
reduction of ACAP3 expression in cerebral cortex of mice reduced neuronal 
migration (Miura and Kanaho 2017). Since knockdown of Arf6 yielded similar 
results, it shows that the GAP-activity of ACAP3 negatively regulates neurite 
outgrowth and migration via its GAP-activity on Arf6.  
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1.15.5 ADAPs 

 
ADAP1 (Arf AP with dual PH domains 1), also known as Centaurin-α1 was 
originally identified as a PI 3,4,5-P3, 46-kDa binding protein in rat brain 
(Hammonds-Odie et al. 1996). Through its GAP function, it negatively regulates 
Arf6 and prevents its plasma membrane localisation, and as a result, inhibits 
cytoskeleton organization (Venkateswarlu, Brandom, and Lawrence 2004). By 
inactivating Arf6 activation, ADAP1 has also been shown to inhibit β2-
adrenoreceptor internalisation  (Lawrence et al. 2005a). ADAP1 is also 
present in both neonatal and adult rat heart – suggesting a possible role in 
organ formation of a developing foetus. More complex physiological functions 
of ADAP1 have recently been discovered. It has been shown that ADAP1 
inhibits hypertrophy in cardiomyocytes (Giguere et al. 2018). In Rat 
Neonatal Ventricular Cardiomyocytes (RNVC), ADAP1 overexpression 
blocks Mek1ca-induced hypertrophy and reduces cell surface β1-integrin 
expression effecting the hypertrophic process of cardiomyocytes (Giguere et 
al. 2018). A review by (Stricker and Reiser 2014) have highlighted the 
central role of ADAP 1 in neuronal differentiation and neurodegenerative 
diseases.  
 
1.16 Arf6 and its GEF and GAP regulators in Cancer  
 

1.16.1 Arf6 role in Breast cancer 
 
Among the Arf family of small GTPases, Arf6 has been found to be uniquely 
involved in both cell invasion and migration of breast cancer cells (Hashimoto 
2004). Among a panel of breast cancer cells which include highly invasive 
MDB-MB-231 and the less invasive MCF-7, Arf6 expression was found to be 
expressed significantly more in the former, a clear indication of its utility in 
highly-invasive cancer cells. In the highly invasive/metastatic breast cancer 
cell line MDA-MB-231, Arf6 localises at invadopodia - actin-rich protrusions 
of the plasma membrane that are associated with degradation of the 
extracellular matrix in cancer invasiveness and metastasis. The localisation 
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and targeting (but not activation) of Arf6 at the site of actin ruffling in the 
leading edge is mediated by FIP3 – a Rab11-binding protein that also 
simultaneously binds Arf6 GTPases (Barr et al. 2008). In addition, siRNA-
mediated suppression of the Arf6 cycle blocked invadopodia formation, 
localized matrix degradation and matrigel chemo invasion (Hashimoto 2004). 
However, Arf6 knockdown had no role in the secretion of MMP2/MMP9.  
 
Arf6 is further utilized during extracellular matrix remodelling of invasive 
breast cancer cells. In coordination with endosomal motor adaptor proteins 
JNK-interacting protein 3 and 4, it mediates the trafficking and exocytosis of 
membrane type 1 -matrix metalloproteinase (MT1-MMP) (Marchesin et al. 
2015). This protease is critical for breakdown of collagen in the paracellular 
matrix, during metastasis. 
 
When mutant defective in hydrolysis of the bound GTP (Arf6 Q67L, 
constitutively active) or defective in the GTP binding-(Arf6 T27N, 
constitutively inactive) or transient overexpression of Arf6, it found that 
invadopodia was blocked. This inhibition of Arf6 function by both mutants 
showed that its active/inactive cycling is necessary for invasion of cancer cells. 
However, overexpression of Arf6 did not block migration; highlighting the 
precise and unequal involvement of Arf6 in migration and invasion of breast 
cancer cells. This also highlights the importance of Arf6 regulators: GEFs and 
GAPs whose expressions and localisations likely differ during cell migration 
and invasion.  
 
Overall, a key role of Arf6 in potentially all cancer malignancies is its ability 
to influence the reorganization of the actin cytoskeleton. Cell invasion and 
metastasis is a behaviour that involved F-actin organization that in order to 
generate force and move through the physical barrier of the tumour 
microenvironment, cancer cells induce protrusions at the leading edge of 
migrating cells and invadopodia. As such, lamellipodia and invadopodia are 
key cell conformations that are regulated by Arf6. Arf6 and the cytohesin 
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family of Arf6 GEFs play pivotal roles in the activation of Rho family small 
GTPases such as Rac1 (Santy, Ravichandran, and Casanova 2005). Previous 
studies have shown co-localisation of Rac1 GEFs with members of the 
cytohesin family, and that the formation of lamellipodia and subsequent cell 
migration is dependent on this coupling between Arf6 and Rac1 activity 
(Santy, Ravichandran, and Casanova 2005). This is exemplified by Arf6 
recruitment of Rac1 GEF, Kalirin, to the plasma membrane to facilitate Rac 
activation and lamellipodia formation  (Koo, Eipper, and Donaldson 2007). In 
EGF-induced breast cancer cell invasion, Arf6-mediated recruitment and 
activation of Rac1 to the plasma membrane directly activates the WRC 
(Marchesin, Montagnac, and Chavrier 2015) Incidentally, Arf6 also indirectly 
activates the WRC at the plasma membrane by recruiting cytohesin 2/ARNO 
to the plasma membrane, which activates Arf1 that subsequently activates 
the WRC (Humphreys et al. 2013a). The WRC complex is able to control actin 
cytoskeletal by stimulating the actin-nucleating activity of the Arp2/3 
complex at the membrane, leading to formation of lamellipodia actin 
polymerization and subsequently, cell invasion (Marchesin, Montagnac, and 
Chavrier 2015) (Chen et al. 2014).  
 

1.16.1.1 GEP100/BRAG2 (Arf6 GEF) and AMAP1 (Arf6 GAP) coordinate their 
action in breast cancer cell invasion and angiogenesis.  
 
It is commonly known that EGFR is overexpressed in breast cancer (Masuda 
et al. 2012). Arf6 is involved in the protein kinase C-dependent endocytic 
recycling of the oncogenic ERbB2 (Her2/neu) – a member of the EGFR 
tyrosine kinases -  at the juxtanuclear compartment, from where the receptor 
is trafficked back to the cell surface for additional rounds of ligand binding 
(Bailey et al. 2014).  
 
GEP100/BRAG2 – an Arf6-specific GEF, plays a significant role in EGF-
induced breast cancer cell invasion (Morishige et al. 2008). Following EGF 
stimulation, GEP100 binds to and associates with phosphorylated and un-
phosphorylated-EGFR (Tyr1068) through its PH domain. This stabilizes the 
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presence of GEP100 at the plasma membrane, where it activates Arf6. 
Meanwhile, EGF-induction recruits Arf6 to the activated receptor via the 
adaptor protein complex p66Shc/Grb2 (interestingly, while p66Shc 
potentiates Arf6 recruitment and activation, it attenuates Arf1 activity) 
(Haines, Saucier, and Claing 2014). Amongst all Arf6 GEFs expressed in the 
breast cancer cell line MDB-MB-231, only the presence of GEP100 was shown 
to be indispensable to Arf6-mediated invasion in MDB-MB-231 cells (a Sec7 
mutant construct of GEP100, reduced Arf6 activation and subsequently cell 
invasion). Incidentally, the knockdown of GEP100 did not affect the secretion 
of MMP2 and MMP9 - which complemented previous findings that Arf6 
knockdown does not induce their secretion during cell invasion (Marchesin et 
al. 2015). Overexpression of GEP100/Arf6 in less invasive breast cancer cell 
line MCF-7 increased cell invasion ability of these cells. Following this study, 
one signalling pathway was elucidated to show that EGF-induction leads to 
the activation of the GEP100/Arf6/ERK/uPAR cascade, which ultimately 
result in an increase in cell invasion ability (Hu et al. 2013)  
 
Amongst all Arf6 GAPs, AMAP1 has been the most extensively studied and 
has shown to interact with several different proteins; it therefore exhibits 
different functions throughout the development of tumours. AMAP1, also 
known as ASAP1 in mouse, is a downstream effector of Arf6 that plays an 
Arf6-dependent and independent in mediating breast cancer cell invasion. It 
is found to be expressed at abnormally high levels at invadopodia of breast 
cancer cells. (Onodera et al. 2005). Downstream of Arf6, AMAP1 binds to 
mesenchymal specific protein EPB51L5 to promote EMT and focal adhesion 
dynamics. EPB41L5 itself has been found to be induced by ZEB1 -  an EMT-
related transcriptional factor (Handa et al. 2016). In addition to its GAP 
activity, it co-localizes and binds the actin-nucleation-promoting factor 
cortactin - a key player in aggressive cancers due to its ability to modulate 
actin dynamics in lamellipodial protrusions of motile cells (MacGrath and 
Koleske 2012). It also binds paxillin - a focal adhesion adaptor protein that 
serves as an important scaffolding role at focal adhesion by recruiting 
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signalling molecules involved in the regulation of cell movement (López-
Colomé et al. 2017). This ability to form a trimeric protein complex 
(interestingly the close association of cortactin and paxillin is dependent upon 
the presence of AMAP1 which acts as a bridge between these two proteins, in 
the complex) with cortactin and paxillin promotes the invasiveness of breast 
cancer cells - while also serves as a potential therapeutic target: an AMAP1 
specific peptide was shown to block the formation of AMAP1-cortactin 
complex and effectively block invasion in breast cancer cell lines (Hashimoto 
et al. 2006). In the invadopodia of breast cancer cell line MDB-MB-231, the 
proline rich regions of AMAP1 binds the SH3 domain of the multi-adaptor 
protein CNI85, itself a binding partner of an E3 ligase, Cb1 (Nam et al. 2007). 
Through this interaction, Cb1 monoubiquitinates AMAP1 – a process found 
to be crucial (for yet unclear reasons) for the ability of AMAP1 to mediate 
breast cancer cell invasion.  
 
The presence of GEP100-Arf6-AMAP1-cortactin pathway has also been 
demonstrated in Human Umbilical Vein Endothelial Cells (HUVECs) during 
angiogenesis. The constitutive activation of the VEGFR as a result of ligand 
stimulation drives the growth of vascular network, increases cell 
permeability as a result of disorganization of VE-cadherin at the cell-cell 
junctions and increased cell migration. All of these events have been shown 
to occur in a VEGF-independent manner as a result of the GEP100-Arf6-
ACAP1 pathway (Hashimoto et al. 2011). Both GFP100 and AMAP1 are 
simultaneously overexpressed in HUVECs cells. Upon VEGF stimulation, the 
PH domain of GEP100 associates with the phosphorylated but not the 
unphosphorylayed Tyr951 of VEGFR2 in order to activate Arf6 (This 
activation however has no effect on the activation or ERK and Akt which 
occurred post VEGF stimulation independent of GEP100 presence). Activated 
Arf6 induces vascular network formation and cell migration – events that are 
dependent on the presence of both GEP100, AMAP1. Overall, Arf6 induction 
increase permeability of HUVEC cells as a result VE-cadherin endocytosis. 
Silencing of both GEP100 and AMAP1 abolishes the VEGF-independent 
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vascular network formation, cell migration and VE-cadherin endocytosis. 
Recently, Arf6 has also been shown to positively control endothelial leakage 
and tight junction protein zonula occludin protein 1(ZO-1), downstream of the 
Robo4 cell surface receptor. The secinH3 (a cytohesin Arf6 GEF inhibitor) 
inhibition of Arf6 activation has shown to increase ZO-1 levels leading to 
reduction in migration, branching and angiogenesis (Zhao et al. 2016).  
 
In breast cancer cell lines that exhibited high invasive phonotypes, AMAP1 
has also been shown to co-localise and directly bind to protein kinase D2 
(PRKD2) at the plasma membrane and mediate ß-1 integrin recycling 
through the EGFR pathway (Onodera et al. 2012). In serum starved 
(unstimulated) cells, AMAP1 normally resides on intracellular vesicles of 
tubovescicular structures and PRKD2 is found localised at endosomal 
compartments and at the Golgi apparatus. Upon stimulation by EGF, a sub-
fraction of AMAP1, PRKD2 and Rab5c (from the Rab family GTPases) are 
recruited to the plasma membrane where activated-Rab5c facilitates the 
interaction between AMAP1 and PRKD2 – which in turn allows for the 
interaction between the AMAP1-PRKD2 complex with ß-1 integrin. PRKD2 
has been implicated in sorting ß-1 integrin and E-cadherin in polarized 
MDCK epithelial cells (Yeaman et al. 2004). AMAP1 is able to form a complex 
with the cytoplasmic tail of ß-1 subunit of the integrin through its binding 
with PRKD2 and therefore facilitates the recycling of ß-1 integrin from the 
intracellular endosomes to the plasma membrane. Collectively, the EGFR 
pathway is used by AMAP1 and its interacting proteins for the recycling of ß-
1 integrin and promote invasion of cells.  
 

1.16.1.2 The regulatory role of ARAP3/Arf6 in breast cancer 
 
The inhibition of Arf6 activity by ARAP3 has also been depicted in the 
endocytosis and trafficking of the membrane bound MMP14 to late 
endosomes in breast cancer cells (Loskutov et al. 2015). This is facilitated by 
NEDD9 - a focal adhesion protein that acts as a scaffold to regulate signalling 
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complexes important in cell attachment, migration and invasion as well as 
apoptosis and the cell cycle. NEDD9 acts as a negative feedback loop for Arf6: 
its expression/overexpression has been shown to lead to the depletion of Arf6 
activity. This is due to its ability to bind and bring ARAP3 (an Arf6 GAP) in 
close proximity to Arf6 at the early sorting endosome. At the same time, 
NEDD9 also binds GGA3 - an early endosome Golgi-localised Arf effector and 
promotes the GTP hydrolysis of Arf6/GGA3. Therefore, Arf6 inactivation 
allows for vesicle recycling and sorting to the late endosome for MMP14.  
 

1.16.2 Arf6 role in Prostate cancer 
 
In prostate cancer tissues, Arf6 has been shown to be overexpressed (Morgan 
et al. 2015). In the prostate cancer cell line PCa, Arf6 has been shown to be 
involved in the internalization of ErbB3/Her-3 receptor through 
micropinocytosis (the actin dependent endocytic pathway) and not the 
clathrin dependent or independent pathways (Koumakpayi et al. 2011). The 
exact mechanisms of which are yet to be known. ErbB3 nuclear translocation 
has been shown to be a predominant occurrence in prostate and breast cancer 
tissues and cell lines compared with healthy and it is associated with disease 
progression (Koumakpayi et al. 2006). Normally, internalized receptors are 
mainly recycled back to the plasma membrane or degraded in the lysosomes, 
however in prostate cancer tissues, ErbB3 escapes recycling and degradation. 
Recent studies have also implicated Arf6 as a modulate of androgen-induced 
prostate cancer cell migration (Munkley et al. 2017).  
 

1.16.3 Arf6 role in Pancreatic cancer 
 
In pancreatic tissues, high Arf6 expression correlates with poor prognosis. 
Recently, in PANC-1 and MiaPaCa-2 cells, Arf6 knockdown reduced the 
expression of key glycolytic proteins GLUT1, HK2 and LDHA and hence cell 
proliferation, suggesting that Arf6 also contributes to the Warburg effect 
(Liang et al. 2017). In pancreatic cancer cell lines S2-013 (moderately 
differentiated) and PNAC-1 (poorly differentiated), Arf6 has been also shown 
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to mediate the protrusion of the peripheral cell front and subsequently 
regulate cell migration and invasion of these cells (Taniuchi et al. 2014). Here, 
Arf6 mRNA is post-transcriptionally regulated by the RNA binding protein 
Insulin-like growth factor-2 mRNA binding proteins 3 (IGF2BP3). IGF2BP3 
converges on the 3’UTRs of Arf6 mRNA. This juxtaposition of their binding 
site contributes to their co-localisation and eventual local translation of Arf6 
at the cell periphery. IGF2BP3 is contained in stress granules – cytoplasmic 
RNA granules that are involved in transport of RNA binding proteins (which 
play roles in RNA maturation, turnover, translation and movement of 
transcripts throughout the cell). These stress granules are transported along 
microtubules by KIF20A (a member of the kinesin family of motor proteins) 
transports stress granules containing IGF2BP3-bound mRNA Arf6 to cell 
protrusions (Taniuchi, Furihata, and Saibara 2014). Interestingly, IGF2BP3 
is predominantly detected in malignant tissues whereas in benign tissues it 
remains elusively undetected, highlighting its key role in driving tumour 
progression (Schaeffer et al. 2010, Kobel et al. 2009). Hence, IGFBP3 plays a 
role in cell proliferation and migration via post transcriptional regulation due 
to its binding with mRNA and assembles into protein-mRNA complexes.  
 
Furthermore, tumour cells derived from IGF2BP3 knockdown mice was 
shown to display cytoplasmic and not plasma membrane localisation as well 
as reduced peripheral actin structures (Taniuchi et al. 2014). This was 
restored through Arf6 overexpression. Overall, it was shown that IGFBP3 
drives the rearrangement of peripheral actin to induce formation of additional 
membrane protrusions. It does this through binding to Arf6 and most likely 
other mRNA transcripts such as ARHGEF4 that play key roles in ruffle 
organization, filopodia and lamellipodia assembly. This binding allows for 
local translation of Arf6 to contribute to actin remodelling and subsequently, 
cell migration and invasion of pancreatic cancer cells.   
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1.16.4 Arf6 role in Gastric cancer 
 
Similarly, to other malignancies, in gastric cancer, Arf6 has been shown to 
play a role in the induction of an EMT phenotype, characterized by induction 
of mesenchymal markers vimentin and N-cadherin and a reduction of the 
epithelial marker, E-cadherin (Zhang et al. 2015). In EGF-induced gastric 
cancer cell line SGC-7901, the EGF/Arf6/pERK pathway has been implicated 
in the downregulation of Wnt5a – a tumor suppressor gene. Following 
EGF/Arf6 activation of ERK, pERK is transported from the cytoplasm to the 
nucleus, where it is able to bind (through its putative 12 binding motifs) to 
the Wnt5a promoter region, thereby repressing its transcription. Overall, it 
was shown that expression of Wnt6a correlative negatively with pERK, and 
its downregulation was significant in cancer tissues compared to healthy. 
Therefore, EGF/Arf6/pERK/Wnt5a pathway is a signalling pathway utilized 
by gastric cancer cells for metastasis.  
 

1.16.5 Arf6 role in Renal Cancer 
 
In clear cell Renal Cell Carcinomas (ccRCCs), the overexpression of LPA-
induced Arf6 activation promotes invasion, metastasis and drug resistance 
(Hashimoto, Mikami et al. 2016). In contrast to breast cancer cells, where 
RTK signalling is prevalent, ccRCC cells show no invasive activities when 
treated with various ligands such as the EGF, HGF, insulin, VEGF and 
PDGF AA/BB.. This abrogates their possible role in metastasis in renal 
cancer. However, in response to LPA, invasive activity of ccRCC cell line 786-
O was significantly enhanced. Following activation by LPA, Arf6 
accumulation was observed in the invadopodia of 786-O cells. The 
involvement of Arf6 mesenchymal pathway was further confirmed through 
knockdown of Arf6 leading to reduction of invadopodia. Although GEP100 is 
essential for Arf6 activation under RTKs in breast cancer cell lines, neither 
GEP100 nor the cytohesin family of Arf GEFs (confirmed through SecinH3 
inhibition) required for Arf6 activation in ccRCCs. In contrast the EFA6 
family of Arf6-sepecific GEFs (EFA6 A-C but not EFA6R/EFA6D) shown to 
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play a role in LPA stimulation promoted cell invasion activities through Arf6 
activation. In vitro studies showed that following LPA stimulation of GPCRs, 
the down-stream GTP-bound Gα12 (and not Gα13, Gαq, Gαi2 or Gß1,), a sub 
unit of heterotrimeric G-protein, binds to EFA6 A-C GEFs but not EFA6R. 
This binding is due to conserved G-protein signalling domains-like in the N-
terminal region of EFA6 A-C. These conserved amino acids are notably absent 
in EFA6R. Overall, in highly invasive renal cancer cells, LPA induction was 
shown to activate the Arf6 mesenchymal pathway (through recruitment of 
the EFA6 A-C family) to promote cancer metastasis.  
 

1.16.6 Arf6 Role in Colon Cancer 
 
In colon cancer, the serologically defined colon cancer antigen-3 is shown to 
specifically interact with Arf6 via its 101-C-terminal amino acids (Sakagami, 
Hara et al. 2016). SDCCAG3 is also predominately expressed in the testis, 
suggesting that its interaction (not yet established) with Arf6 may be an 
essential component of malignancy. Furthermore, its localisation is 
dependent on its Arf6 interaction.  
 
1.17 A brief introduction to epigenetic regulation in cancer 
 
A single cell contains close to 2 meters of DNA, wrapped around a histone 
octamer protein (H2A, H2B, H3 and H4), to make the nucleosome (often 
likened to ‘beads-on-a-string’), which are then further condensed to chromatin 
structures. Epigenetics refers to heritable changes in gene expression that 
occur without changes to the DNA sequence. DNA methylation and histone 
modifications (such as methylation, acetylation, ubiquitination and 
phosphorylation) are the two primary mechanisms through which gene 
expression is regulated. DNA methylation is linked to long-term gene 
expression changes whereas histone modifications are more specific and local 
(Sarkar & Rosenthal 2013). 
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The methylation of DNA occurs at the 5'-cytosine-phosphodiester bond-
guanine-3' position by a transfer of a methyl group from S-Adenylyl-L-
methionine. This is catalysed by a number of DNA methyltransferases 
(DNMTs) and generally leads to repression of gene expression (Baylin and 
Ohm 2006). Post-translational modification of histones mainly includes 
acetylation, methylation and phosphorylation. These modifications are 
catalysed by enzymes that ‘lay down’ or remove the mark for each type of 
modification. Histone modifications can either activate or inactivate gene 
expression (Zhang and Dent 2005, Santos-Rosa and Caldas 2005). 
 
In addition to those genetic mutations that lead to tumour transformation, 
epigenetic changes are also involved in tumour initiation and progression 
(Flavahan, Gaskell, and Bernstein 2017). For example, following cellular 
transformation as a result of DNA mutation, epigenetic transformation may 
aggravate tumour progression; in other words, epigenetic changes enhance 
the probability of tumour progression (Feinberg 2004). In other cases, 
epigenetic changes may initiate cellular transformation as well as be involved 
in their progression. It is also possible that epigenetic changes may ‘prime’ 
cells for eventual DNA mutations, leading to cellular transformation 
(Feinberg 2004). 
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1.18 Aims and Objectives 
 
The detection of EOC in early stages will dramatically improve survival. 
There are no reliable biomarkers that have both the sensitivity and specificity 
to detect EOC tumorigenesis. Although it is extremely valuable for 
monitoring treatment responses, the currently available biomarker’s (CA-
125) sensitivity and specificity is not sufficiently high enough for early 
detection. Therefore, there is an urgent need for identifying new biomarker(s) 
that could diagnose EOC at an early stage. Based on our preliminary data 
and a prior publication (Pils et al., 2005), we hypothesised that decrease in 
EFA6R expression correlates with progression of ovarian adenocarcinomas 
and therefore it could be potentially used as a biomarker to diagnose early 
stage EOC. To test this hypothesis, we: 
 

1.  evaluated EFA6R as a biomarker for EOC by analysing its expression in 
ovarian tissue and ovarian cell lines,  
 

2. studied how EFA6R expression is regulated in EOC cell lines and ovarian 
tissues isolated from different stages of the cancer,  
 

3. analysed the effect of EFA6R expression on cell migration and invasion while 
studying the signalling pathways involved in these phenotypes.  
 

4.  assessed EFA6R isoforms expression and function roles and contribution of 
distinct regions within the large isoform functions as an Arf6 GEF.  
 
In summary, the proposed study will aid in the development of biomarker for 
early detection and targeted therapy for EOC. Since detection of EOC in early 
stage would drastically improve survival, the proposed study addresses the 
priority areas of prevention and early intervention. A note to the reader: in 
this thesis we studied EFA6R isoform B (in result chapters 3 and 4) and 
EFA6R isoform A (in result chapter 5).  
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Chapter 2: Methods and 
Materials 

2.1 Materials 
 
2.1.1 Double distilled water (ddH2O) 
 
The  Milli-Q® integral water purification system (Millipore, UK) was used to 
produce type 1 ultrapure water with a specific resistance of 18.2 MW × cm 
(million ohms) at 25oC – considered to be absolute pure water, free of any 
detectable chemicals, bacteria, particulates, pyrogens (endotoxins), RNases 
and DNases.  
 

2.1.2 Standard laboratory chemicals, reagents and consumables 
 
All reagents and chemicals were purchased from Sigma Aldrich (UK) – a 
subsidiary of Merck KGaA (Germany), unless otherwise stated. Glass 
coverslips (13mm for use in 24-well plates) were purchased from VWR 
international (UK). Prior to use, they were washed in nitric acid for 5 times, 
rinsed 10 times with ddH2O, twice washed with methanol and transferred to 
a 50 ml falcon tube before baking for 4 hours (hrs) at 80oC. General 
plasticware were from either VWR or Fisher Thermo-Scientific. 
 

2.1.3 EFA6R Plasmid DNA constructs and the primers used for their 
generation 
  
All human EFA6R plasmid DNA constructs were made in the laboratory, with 
the help of Professor Venkateswarlu Kanamarlapudi (Table 1). The following 
plasmids were already available in the lab: Arf6-HA/pXS, Arf1-HA/pXS, Arf6-
pmCherry, Arf1-pmCherry, Cytohesin1-pEGFPC2, Cytohesin2-pEGFPC2, 
Cytohesin3-pEGFPC2, Cytohesin3-pEGFPC2, Cytohesin4-pEGFPC2, 
EFA6A-pEGFPC2, EFA6C-pEGFPC2, Arf1-T31N-pEGFPC2, Arf1-Q711-
pEGFPC2, Arf6-T27N-pEGFPC2, Arf6-Q67L-pEGFPC2 and described some 
of these constructs elsewhere (Kanamarlapudi 2014a) 
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Table 1. Primer information for EFA6R wild-type, mutation and deletion 

constructs 

*Where applicable, restriction endonuclease sequence shown in italics and 

the gene coding or mutated sequence with underline. 
QFC = Quick-Fusion Cloning; Q5SDM = Q5 site-directed mutagenesis; QCII 
= QuikChange II  

Construct Information 
Insert. Vector and 
antibiotic resistance 

Primer (5’-to-3’) 

EFA6RA -
pEGFPC-1  
QFC 

KanR  F-
AGATCTCGAGCTCAAGCTTCGAATTCTATGGAAGGAAGGAGCGCAGCG 
R-TCCCGGGCCCGCGGTACCGTCGACCTAAGTAACTTTTTGCTTAATGCT  

EFA6RA ∆Sec7-
pEGFPC-1 
Q5SDM 

KanR  F-GAATGGGCAGTAGATGATGGAA 
 R-GCTGCTGGTACCATTACTGAG 

FA6R (E682K)-
pEGFPC-1 
QCII 

KanR F-CATTCTCTCTTGTGGGAAAAACTCAAGAACGAGAG 
 R-CTCTCGTTCTTGAGTTTTTCCCACAAGAGAGAATG 

EFA6RA ∆PH-
pEGFPC-1 
Q5SDM 

KanR F-TCTGCACCACCATTTCCAGCAG 
R-AGCAGCATTTGGATCATGAGG  

EFA6RA 
(R827E)-
pEGFPC-1 
QCII 

KanR  F-TGTACAAAAGTGGATTCTTGGCTGAGAAAATTCATGCAGATATGGATG 
R-ATCCATATCTGCATGAATTTTCTCAGCCAAGAATCCACTTTTGTACA 

EFA6RA 
(K828E)-
pEGFPC-1 
Q5SDM 

KanR  F-ATTCTTGGCTCGGGAAATTCATGCAGATATGGATGG 
R-CCACTTTTGTACACAGCAGC  

EFA6RA 
(R827E/K828E)-
pEGFPC-1 
Q5SDM 

KanR  F-ATTCTTGGCTGAGGAAATTCATGCAGATATGGATGG 
R-CCACTTTTGTACACAGCAGC 

EFA6RA ∆CC-
pEGFPC-1 
Q5SDM 

KanR  F-TATCCCCCCGACAAGAAGGTC 
R-AGGCAGAAGTGGGCGGCT  

EFA6R-N548-
pEGFPC-1 
Q5SDM 

KanR  F-
AGATCTCGAGCTCAAGCTTCGAATTCTATGGAAGGAAGGAGCGCAGCG 
R-
TCCCGGGCCCGCGGTACCGTCGACCTACACGATGCCACCATCTGCAGAC  
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2.2 Methods 
 
2.2.1 Bacterial cell culture 
 

2.2.1.1 Preparation of ultracompetent Escherichia coli strain XL1-blue cells 
for routine cloning applications 
 
The E.coli strain XL1-Blue ultracompetent (New England Biolabs, NEB, US) 
was used as the host for plasmid DNA transformation, amplification and 
generation. Using septic techniques, 5 ml of Lysogeny Broth (LB media 
containing 12.5µg/ml tetracycline was inoculated with a single colony of XL1-
Blue cells and grown at 37oC/250 rpm for 8-10 hrs. To 100ml of LB containing 
12.5µg/ml tetracycline in 250ml flask, 1 ml of the culture was added and 
grown overnight at 37oC/250 rpm. A 5% inoculum was made by adding 25 ml 
of the overnight culture to 2 x 500 ml of Super Optimal Broth [SOB, 2% (w/v) 
bacto tryptone, 0.5% (w/v) yeast extract, 10mM NaCl, 2.5mM KCl, 10mM 
MgCl2 and 10mM MgSO4, pH 6.7-7.0] in a 2L flask and grown at 18oC/250 
rpm (multitron standard incubation shaker, Info HT, UK) until the culture 
reached an absorbance (A) at 600nm (A600) of 0.5-0.6 (~18 hrs). The culture 
was then incubated in ice for 10 minutes (min) and thereafter transferred into 
a washed, ethanol sterilized 1000 ml centrifuge bottle for centrifugation at 
6000 xg (using a Beckman Coulter Avanti J-26 XP centrifuge and a Beckman 
JLA-8.1 rotor) for 10 min at 4oC. The cell pellet was washed once with 380 ml 
of a sterilized (using a 0.2µm filter) ice-cold Transformation Buffer (TB) 
[10mM PIPES, 55mM MnCl2, 15mM CaCl2, 250mM KCl pH 6.7], the mixture 
was centrifuged at 6000 xg (using a Beckman Coulter Avanti J-26 XP 
centrifuge and a Beckman JLA-8.1 rotor) for 10 min at 4oC. The pelleted cells 
were resuspended in 10 ml of ice-cold TB, added 750 µl DMSO (7.5% [v/v]) 
and placed on ice for 10 min. In sterile microcentrifuge tubes, 1 ml aliquots of 
cells were allocated and immediately snap frozen in liquid nitrogen; they were 
then placed at -80oC for long term storage. The competency (number of 
colonies formed for µg of plasmid DNA) of XL1-Blue cells was established by 
chemical transformation using 1ng/ml PUC18 plasmid per 25µl of competent 
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cells and plating in a 10-fold serial dilution on LB-agar containing ampicillin 
(100µg/ml). 
 

2.2.2 Generation of GFP-EFA6R wild-type plasmid DNA 
 
PCR amplification of cDNA insert 
 
To generate the full-length human EFA6R, the cDNA clone (obtained from 
NITE Biological Resource Canter with Clone ID FCBBF1000023) was 
amplified by Polymerase Chain Reaction (PCR) using the Universe High-
Fidelity Hot Start DNA polymerase (Biotool, US) and sequence-specific 
primers containing EcoRI (sense) and SalI (antisense) restriction enzyme 
sites (See table 1 for primer information). Here, a 50 µl reaction mixture was 
made containing the following: 1 µl Universe High-Fidelity Hot Start DNA 
polymerase [1 U/µl], 1 µl of dNTP [500 µM final conc.], 0.2µl of sense and 
antisense primer [0.4µM final conc.], 0.3 µl of template cDNA [~ 0.6 nM final 
conc.], 25µl of 2x Universe buffer [1x] and 22.3 µl of ddH2O. PCR was 
conducted using the following cycling conditions: Initial denaturation at 95oC 
for 3 min, 4x cycles of PCR at 95oC for 15 secs, 60oC for 15 secs and 72oC for 
2 min followed by x29 further cycles of 95oC for 15 secs and 72oC for 2 min. 
Final extension of 72oC for 5 min was followed by hold at 4oC.  
 
Analysis of PCR product using agarose gel electrophoresis 
 
The PCR product was analysed on 1% (w/v) agarose gel using electrophoresis. 
Here, 1 g of agarose was dissolved (by microwave heating) in 100 ml of 1x 
Tris-Base, acetic acid and EDTA (TEA) buffer (0.4M Tris acetate, 0.01M 
EDTA, pH 8.3) (Bio-Rad, US) and 10 µl of 10 mg/ml of DNA-binding Ethidium 
Bromide was added. When the agarose gel was set (at room temperature) into 
the casting tray (Whatman, Maidstone, UK), the previously inserted comb 
was removed and TAE buffer was added to the tank to cover the gel. The PCR 
product was mixed with a 6x loading dye (0.25% [v/v] bromophenol blue, 30% 
[v/v] glycerol) and then loaded into the wells with a HyperLadder™ 1kb 
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molecular weight marker. Using a PowerPac 200 (Bio-Rad, US), the gel was 
run at 100 volts for 15 min and subsequently viewed on a GelDoc machine 
(Bio-Rad, US) using Trans UV light.  
 
DNA extraction and purification   
 
The purification of the DNA fragment from the agarose gel was carried out 
using the QIAquick Gel Extraction Kit (QIAGEN, US), according to the 
manufacturers protocols. Here, while under Trans UV light, the DNA 
fragment from the agarose gel was excised with a clean, sharp scalpel and 
weighed in a 2 ml microcentrifuge tube. Based on the weight of the excised 
fragment, 3 volumes of Buffer QG to 1 volume of gel was added and incubated 
in a water bath set at 50oC for 30 min. When the gel slice was completely 
dissolved, 1 volume of isopropanol was added. To bind DNA to a QIAquick 
spin column, the sample was applied to the column and centrifuged in a table 
top Eppendorf 5415D centrifuge for 1 min at 17900 x g. The column was then 
washed with 750 µl of Buffer PE and centrifuged for 1 min at 17900 x g and 
any residual wash buffer was removed by a further centrifugation. The DNA 
was eluted into a 1.5 ml microcentrifuge microfuge tube by adding 50 µl of 
Buffer EB (10mM Tris-HCl pH 8.5) 
 
Fusion of insert to vector to make the GFP-tagged EFA6R construct 
 
The Quick-Fusion Cloning Kit (Biotool, US) was then used for directional 
cloning of the DNA fragment into a pEGFPC1 vector (Clonetech) for 
expression as green fluorescence protein (GFP)-tagged fusion protein in 
mammalian cells. Here, a 10 µl reaction mixture was made containing the 
following: 2 µl of the DNA fragment [66ng final conc.], 1 µl of the linearized 
vector [50ng final conc.], 1 µl Fusion enzyme, 2 µl of 5x Fusion buffer and 4 µl 
of ddH2O. For the fusion reaction, the mixture was incubated at 37oC for 1 hr 
and then placed on ice prior to transformation into bacteria. Here, 100 µl of 
XL1-Blue cells were added to the fusion reaction mixture (10 µl) and gently 
mixed and incubated on ice for 30 min, heat shocked at 42oC for 60 seconds 
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(sec) and transferred on ice for 2 min. The reaction mixture was added to 500 
µl of antibiotic-free LB media and incubated at 37oC/250 rpm in an orbital 
incubator for 1 hr. 100µl of culture was spread on LB-agar containing 50 
mg/ml Kanamycin (Kan) and incubated for at 37oC. About 16 hrs later, 
individual colonies from the LB plate were picked and incubated with 5 ml of 
Kan-containing liquid LB medium and incubated at 37oC/250 rpm overnight. 
The following day, a small amount of the culture was streaked on antibiotic 
containing LB agar and the rest of the culture was purified using the QIAprep 
spin Miniprep Kit (Qiagen, US) according to the manufacturers protocols. 
Here, the culture was initially centrifuged at 3320 x g (4000 rpm) for 5 min 
and the pellet was resuspended in 250 µl of buffer P1 and transferred to a 2 
ml epp. 250 µl of buffer P2 was added and mixed by inverting 4-6 times, 
followed by the addition of 350 µl of buffer N3 and again, mixed by inverting 
4-6 times. The mixture was centrifuged at 13000 rpm for 10 min. The 
supernatant was added to a QIAprep spin column and centrifuged for 30-60 
secs. The spin column was washed by addition 750 µl of buffer PE and 
centrifuged for 30-60 secs. Any residual was buffer was removed by a further 
centrifugation for 1 min and then the QIAprep column was placed in a clean 
1.5 ml microcentrifuge tube. To elute DNA, 100 µl of buffer EB (10mM Tris-
Cl, pH8.5) was added, left to stand for 1 min and subsequently centrifuged 
for 1 min (13000 rpm), resulting in a minipreparation of the desired plasmid 
DNA. 
 
Confirmation of cDNA insert by restriction enzyme digest and DNA 
sequencing 
 

To confirm the presence of the EFA6R insert within the GFP-vector, a 
restriction enzyme digest was done using 0.5 µl of EcoRI and 0.5 µl of SalI 
and 1 µg of the template plasmid DNA in 1µl of 1x H SuRE/Cut buffer (Roche, 
US) for optimal digestion. The mixture was incubated at 37oC for a minimum 
2 hrs in a Grant GD100 water bath. The resulting digested fragments was 
analysed on 1% [w/v] agarose gel. To make the gel, 1 g of agarose was added 
to 100 ml of TEA buffer and dissolved by heating in a microwave. A final 
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confirmation of the generated plasmid was done by DNA sequencing (DNA 
sequencing Services, University of Dundee, UK) where 600 ng of plasmid and 
3.2 µM of sequencing primer was made up to 30 µl with ddH2O. The mixture 
was vortexed and spun down and sent for sequencing.  
 
Midiprep preparation to increase plasmid DNA yield and preparing glycerol 
stocks for long term storage of E.coli cell-containing GFP-EFA6R  
 
The GenElute HP Plasmid Midiprep Kit was used to isolate plasmid DNA 
from recombinant XL1 blue E.coli cultures according to the manufacturer’s 
protocols in order to generate a high yield of plasmid DNA, appropriate for 
experimentation. Here, a single colony was picked from the steaked plate (see 
above) and inoculated with a started culture of 1.5 ml of Kanamycin (Kan)-
containing LB medium and incubated at 37oC/250rmp overnight. For long 
term storage of XL-1 blue containing plasmid DNA, 1 ml of the culture was 
added to 0.5 ml of 50% glycerol and stored at -80oC. Meanwhile, 100 µl from 
the original culture added to 100 ml of LB-containing Kan and inoculated at 
37oC/250rmp overnight. The overnight culture was harvested by 
centrifugation at 5000 x g for 10 min and the supernatant discarded. The 
pellet was resuspended in 4 ml of resuspension/RNAse A solution and the 
cells were lysed by adding 4 ml of the lysis solution, followed by immediate 
inversion 6-8 times and allowing the mixture to sit for 3-5 min. The lysed cells 
were neutralized by adding 4 ml of chilled neutralization solution and gently 
inverted 4-6 times. 3 ml of binding solution was added to the neutralized 
lysate and inverted 1-2 times and immediately poured into the barrel of a pre-
set up filter syringe. The lysates were allowed to sit for 5 min. In the 
meantime, 4 ml of the column preparation solution was added to the binding 
column and allowed to pass by vacuum using a vacuum manifold. After using 
a plunger to expel the cleared lysates into the column, 4ml each of Wash 
solutions 1 and wash solution 2 was added and allowed to pass through the 
filter syringe. The vacuum was left on for 10 min to dry the column. The 
binding column was transferred to a collection tube and 1 ml of elution 
solution was added and centrifuged in a swinging bucket rotor at 3000 x g for 
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5 min. Recovery and purity of the plasmid DNA was determined by using a 
NanoDrop TM 2000/c Spectrophotometer (Thermo Fisher Scientific, US). The 
ratio of absorbance at A260-A320/A A280-A320 was between 1.8 and 2.0, 
conforming the purity of the plasmid DNA. 
 

2.2.3 Generation of GFP-tagged point mutants E682K, R827E, K828E, and 

double point mutant R827E/K828E 

 
The EFA6R E682K and R827R mutants was generated using QuikChange II 
site-directed mutagenesis kit (Stratagene, US) by setting up a reaction 
mixture using 0.2 µl of template DNA [50ng final conc], 0.2µl of sense and 
anti-sense primers (see table 1 for primer information) [125 ng final conc], 
0.2µl of dNTP, 2 µl of 10x Reaction buffer, 1.2 µl of Quick Solution Reagent 
and 15 µl of ddH2O. To this, 1 µl of PfuUltra HF DNA polymerase (2.5U/µl) 
was added. PCR was conducted using the following cycling conditions: Initial 
denaturation at 95oC for 1 min, 18 x cycles of denaturation and annealing at 
95oC for 50 secs, 60oC for 50 secs and elongation of 68oC for 7 min (1 min/kb). 
Final extension of 68oC for 7 min was followed by hold at 4oC. The PCR 
product was then digested by adding 1 µl of DpnI restriction enzyme (10U/µl) 
and incubated at 37oC for 2 hrs to digest the parental dsDNA. 10 µl of the 
product was then transformed into 100 µl of XL1-Blue cells for amplification 
and eventual purification of plasmid DNA using the QIAprep spin Miniprep 
Kit followed by sequencing confirmation of the mutation. Finally, the 
GenElute HP Plasmid Midiprep Kit for production of a high quantity of 
plasmid DNA for experimental purposes.  

 
The EFA6R K828E, and double point mutant R827E/K828E were generated 
using the Q5 Site-Direct-Mutagenesis kit (NEB, US) by setting up a 30 µl 
reaction mixture using 0.2 µl of template DNA [~12 ng final conc], 0.3 µl of 
sense and anti-sense primers (see table 1 for primer information) [0.5 µM 
final conc], 0.3 µl of 25 mM dNTP mix [20 µM final conc], 6µl of 5x QSR 
reaction mixture, 6 µl of 5x Q5 High GC Enhancer and 17µl of ddH2O. PCR 
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was conducted using the following cycling conditions: Initial denaturation at 
98oC for 30 secs, 25x cycles of denaturation and annealing at 98oC for 10 secs, 
55oC for 30 secs, elongation at 72oC for 2 min. Final extension of 72oC for 2 
min was followed by hold at 4oC. The PCR product was then treated with KLD 
(oligonucleotide kinase, T4DNA ligase and DpnI) where a reaction mixture of 
0.5 µl of PCR product, 2.5 µl of 2x KLD reaction buffer, 0.5µl of 10X KLD 
enzyme mix and 1.5 µl of ddH2O and incubated for at room temperature for 1 
hr. Thereafter, 5 µl of the product was then transformed into 50µl of XL1-
Blue ultracompetent cells for amplification, purification and sequencing 
confirmation of plasmid DNA.  
 

2.2.4 Generation of GFP-tagged deletion constructs ∆N548, ∆Sec7, ∆PH, ∆CC 

and N548 

 
The generation of the EFA6R construct ∆N548 along with the Arf6-HA/pXS, 
Arf1-HA/pXS plasmids have been previously described by (Kanamarlapudi 
2014b). All other deletion constructs were generated using the Q5 Site-Direct-
Mutagenesis kit (NEB, US) with a minor difference in the reaction mixture 
as compared to generation of the point mutants mentioned above. A 20 µl 
reaction mixture contained 10 µl of Q5 Hot Start High-Fidelity 2X Master 
Mix, 0.2 µl of template DNA [~8 ng final conc], 1µl of sense and anti-sense 
primers [1µM] (see table 1 for primer information) and 10µl of ddH2O. The 
PCR product then underwent KLD reaction, followed by transformation, 
purification of plasmid DNA and sequencing to confirm the generation of the 
desired constructs (see above). 
 

2.2.5 Mammalian cell culture 
 

2.2.5.1 Maintenance, cell counting, resuscitation and freezing cells  
 
All cell lines were maintained at 37oC/5%CO2 in a humidified incubator. Cell 
counting and viability determination was carried out following trypsinisation 
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of adherent cells and the cells in suspension were counted using the 
Countess® automated cell counter (Invitrogen, UK) to determine cell number. 
Here, 10 µl of 0.4% [v/v] trypan blue stain was mixed with 10 µl of the cells in 
suspension in a 0.5 ml microfuge tube. They were mixed by pipetting and 
added to the countess chamber slide. The slide was inserted into the Countess 
® reader and the total number of cells, number of live and dead cells and 
percentage viability of the cells were noted. Based on the live cell number, 
appropriate number of cells were seeded in cell culture plates.  
 
Thawing of cryopreserved cells 

 
Cells taken from liquid nitrogen were quickly thawed at 37oC in a water bath. 
The cells were then added to 10 ml of appropriate Full Serum Medium (FSM), 
spun down at 300 x g for 5 min and resuspended in 10 ml of fresh FSM. The 
cell pellet was then gently dissociated and then transferred into a 10 cm2 cell 
culture plate and incubated under healthy maintenance conditions. All cell 
lines were used for experimentation only after two passages.  
 
Making cell stocks for storage 

 
Prior to freezing down cells in liquid nitrogen, cells were grown in five 10 cm 
plates to 90% confluency, trypsinized and neutralised by resuspending each 
plate of cells in 10 ml of FSM. Following centrifugation (Heraeus Biofuge 
Primo R centrifuge (DjB LAbcare Ltd, UK) fooled cells at 350 x g for 5 min, 
the cell pellets were dissociated in 5 ml of cryopreservation medium (65% [v/v] 
Serum Free Medium [SFM], 25% [v/v] Foetal Bovine Serum [FBS], 10% [v/v] 
DMSO) and transferred 1ml of cells into each of 5 cryovial. These cryovial 
were then transferred in a Nalgene TM Cryo 1oC freezing container (Thermo 
Fisher Scientific, UK), previously filled with isopropanol and placed at -80oC 
overnight (this reduces the temperature gradually by 1oC/min) before being 
transferred and stored in liquid nitrogen. ReN cells were cryopreserved using 
the neural stem cell freezing medium from Millipore (US).  
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2.2.5.2 Ovarian Healthy and Cancer cell lines used in results chapter 3 and 
4. 
 
The immortalized healthy Human Ovarian Epithelial Cell (IOC) was 
provided by Dr. Deyarina Gonzalez (Swansea University Medical School 
[SUMS], UK); the human ovarian cancer cell lines SKOV-3 was purchased 
from ATCC (USA); OVSAHO and CAOV3 cells were obtained from Dr. 
Marion Curtis (University of Chicago Biomedical Sciences, USA). All cell lines 
were cultured aseptically in RPMI 1640 (RPMI) supplemented with 10% [v/v] 
FBS, 2 mM [v/v] glutamine, 100 U/ml [v/v] penicillin and 0.1 mg/ml [v/v] 
streptomycin (PSG), termed Full Serum Medium (FSM). The OVCAR3 cell 
line was cultured in RPMI supplemented with 20% [v/v] FBS, 1% PSG [v/v] 
and 0.01% [v/v] human recombinant insulin.  
 

2.2.5.3 Cell lines used in results Chapter 5.  
 
HeLa, COS-7, HEK293, A549, SHSY-5Y, HT22 cells were maintained in 
DMEM; MCF-7, IOC, COV644, Jurkat and CAOV3 cells were maintained in 
RPMI 1640. These cell lines culturing media were all supplemented with 10% 
fetal bovine serum, Penicillin (100 U/ml), Streptomycin (0.1 mg/ml) and 
Glutamine (2mM) (=1% PSG). PC12 cells were maintained in DMEM, 
supplemented with 10% FBS and 5% Horse serum and 1% PSG. The ReN cell 
VM Immortalized cells (derived from the ventral mesencephalon region of 
human fetal brain tissue) have the ability (under certain conditions) to 
differentiate into a high level human dopaminergic neurons, in vitro (Kindly 
provided by Dr Jeffrey Davies [SUMS], who obtained the cells from Sigma-
Aldrich) (Cell line information can be found at  
http://www.merckmillipore.com/GB/en using the product code: SCC008). 
These cells were maintained in Advanced DMEM/F-12 media (Gibco, US), 
supplemented with Penicillin (100 U/ml), Streptomycin (0.1 mg/ml), 4mM 
glutamine, 50µg/ml gentamycin, 1xB-27 supplement (Gibco, US), 50µg/ml 
Heparin, 20ng/ml bFGF and 20ng/ml EGF. The cells were cultured on coated 
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plates using the following protocol: ECM Gel from Engelbreth-Holm-Swarm 
murine sarcoma (Matrigel; Sigma) (prepared to a protein concentration of 8-
12mg/ml) was diluted 1/100 in Advanced DMEM/F-12 medium and coated on 
plates and allowed to solidify for 4-24 hours at 37°C/5%CO2. The following 
day, the coating was washed twice with PBS and immediately after, ReNcell 
maintenance medium was added. The ReNcell differentiation media is 
similar to the maintenance media, but without bFGF and EGF. All cells were 
maintained at 37°C/5%CO2 in a humid incubator. Cell counting was 
performed using Countess ® cell counter (Invitrogen, UK). 
 
To subculture cell lines in 2.2.5.2. and 2.2.5.3 in 10cm culture plates, the FSM 
was aspirated (Integra Bioscience, USA) and cells were washed with 1.5 µl of 
PBS (without Ca2+ or Mg2+). Following aspiration, 1 ml of trypsin-EDTA 
(0.05% [w/v] trypsin, 0.04% [w/v] EDTA, made in PBS) was added to the cells 
in the culture plate and the plate was placed in the incubator for ~2 min for 
cell detachment from the culture plate, the cells were then resuspended in 10 
ml of FSM and transferred to a 50 ml tube. To prevent clumping, the cells 
were vortexed and then diluted in new cell culture plates (for ReN cells, these 
plates were pre-coated with Matrigel). Cells were subcultured for 
maintenance and experimentation when they reached ~80-90% confluence.  
 

2.2.6 Transient Transfection of plasmid DNA and siRNA 
 
The siRNA oligonucleotides used in this study specifically targeted human 
EFA6R. They were: siEFA6R 1 target sequence: 5’-
GCUACUGAGUAACGAUGAA-3’, siEFA6R 2 target sequence: 5’-
GGAGAAAGCUAACGGAACA-3’, siEFA6R 3 target sequence: 5’-  
GGAUAGCGGAACGGAACA -3’ siEFA6R A target sequence: 5’-
GCCAUCAUUAUCAAUGACCG-3’ and siEFA6RB target sequence: 5’- 
GGAGAAAGCUAACGGAACA -3’. In addition, Arf6 target sequence 5’-
GCACCGCAUUAUCAAUGACCG-3’ and Arf1 target sequence: 5’- 
UAACGGAACAAUUAUCAA-3’ and universal negative control siRNA were 
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also utilized. All siRNA was synthesized by Eurogentec (Kanamarlapudi 
2014a, Kanamarlapudi, Thompson, et al. 2012). The final concentration of all 
siRNAs used in the transfection was 200nM. 
 

2.2.6.1 Transfection of HEK293, PC12 and HeLa cells 
 
 
JetPRIME ® (Polypus, US) transfection reagent was used to transfect 
HEK293, PC12 and HeLa cells, according to the manufacturer’s protocols. 
The cells were plated 24 hrs prior to transfection so that at the time of 
transfection they were 60-80% confluent for plasmid DNA transfection and 
40-50 % confluent for siRNA transfection. The transfection reagent conditions 
are displayed in the table 2. 
 
Table 2. DNA transfection guidelines according to the cell culture vessel  
Culture vessel Jetprime 

Buffer (µl) 
Amount of 
Plasmid DNA  
added (µg) 

Amount of 
siRNA added 
(100µM) (µl) 

Jetprime 
reagent (µl) 

24-well plate 50 0.25-0.75 0.5 1 

6-well/3cm 

plate 
200 1-3  2.0 4 

10 cm plate 500 5-15 10.0 10 

 
The mixture of JetPrime buffer, JetPrime Reagent and nucleic acid were 
vortexed for 10 secs and incubated for 10 min at room temperature (RT). The 
transfection mixture was added dropwise to the cells followed by gently 
shaking the plate to ensure equal distribution. When necessary, the medium 
was changed 24 hrs post-transfection. 
 

2.2.6.2 Transfection of SKOV-3, CAOV3 and ReNcells  
 
SKOV-3, CAOV3 and ReNcells were transfected using the Neon Transfection 
System (Thermo Fisher Scientific, US) where nucleic acid is introduced in 
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cells using electroporation. To set up the Neon pipette station, the Neon Tube 
was filled with 3 ml of Electrolytic Buffer (Buffer E for 10 µl Neon tips and 
Buffer E2 for 100 µl Neon tip) – enough to cover the side electrode. The neon 
tube was then inserted into the Neon pipette station until a click sound is 
heard to indicate proper fitting. Cells were grown to ~90% confluency on the 
day of transfection. Following trypsinization and subsequent neutralization 
in FSM, the cells were centrifuged at 350 x g for 5 min. The media was 
aspirated and the cells were resuspended in 1-5 ml of PBS (without Ca2+ and 
Mg2+) and an aliquot was taken to count cells to determine cell density. The 
following calculation was made to determine how many cells to use for 
electroporation, using SKOV-3 and a theoretically cell count as an example: 
  

1. SKOV-3 cells desired in 10cm plate: 300,000/100µl (Neon Tip Size) = 3 
x 106 cells /ml.  

2. SKOV-3 cell count: 3.2 x 106 cells /ml resuspended in 2 ml PBS 
3. Desired cells ÷	Cell count = 3 x 106 cells /ml / 3.2 x 106 cells /ml = 0.94 

(y) 
4. y* volume of cells resuspended in PBS: 0.94 * 2ml = 1.88 ml  

 
1.88 ml of cell suspension was centrifuged at 350 x g for 5 min and the cell 
pellet was resuspended in 100 µl of Buffer R. A single cell suspension was 
achieved by gentle pipetting. At this point siRNA/plasmid DNA was added to 
the cells-Buffer R mixture. The top head of the Neon pipette was inserted into 
the Neon tip until the clamp fully picks up the mounting stem of the piston. 
While applying downward pressure on the pipette, the push-button was 
released to seal the tip onto the pipette without any gaps. The Neon pipette 
was immersed into the cell-DNA/siRNA mixture and slowly, the push bottom 
was released in such way to avoid any air bubbles. The neon pipette with the 
sample were vertically inserted into the Neon Tube until a clicking sound is 
heard. The appropriate electroporation protocol was selected (For SKOV-
3/CAOV3 1170 volts (v), 30 millisecond (ms), 2 pulses and for ReNcells 1600v, 
10ms, 3 pulse were used) and “Start” was pressed on the touchscreen. 
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Following delivery of the electric pulse, a ‘Complete’ sign is displayed on the 
touchscreen to indicate that the electroporation has finished successfully. The 
neon pipette was slowly removed and the content was immediately 
transferred into a culture plate containing prewarmed FSM. The Neon Tips 
and Neon Tube were regenerated using a protocol established by (Brees and 
Fransen 2014). After electroporation, residual plasmid DNA was removed by 
pipetting three times 100 µl of DNase I solution (1 mg/ml DNase I in PBS 
containing 5 mM MgCl2, pH 7.4) for digestion of plasmid DNA, or 100 µl of 
RNase I (1 mg/ml RNase I in PBS) for digestion of siRNA and subsequently 
incubated for 15 min at RT. The tips were then rinsed by pipetting sterile 
ddH2O three times followed by pipetting three times with 70% [v/v] ethanol. 
The tips were then air dried in a sterile laminar flow hood. The tubes were 
regenerated by washing with distilled water and 70% [v/v] ethanol and 
similarly air dried in a flow hood.  
 
For combinational treatment of 5-Aza-Cdr and siRNA, SKOV-3 cells were 
electroporated with 200nM of EFA6R siRNA1 (siEFA6R1), siRNA2 
(siEFA6R2), Arf6 siRNA (siArf6) or Control siRNA (siControl) using the 
following parameters: 1170v, 30ms, 2 pulse number. Following cell 
attachment (4-6 hours), the cells were then treated with 10µM 5-Aza-CdR for 
4 days. The cells treated with siRNA/5-Aza-CdR were used in migration and 
invasions assays and for various biochemical analysis. 
 

2.2.7 Immunofluorescence 
 
 
HeLa, COS-7 and ReN cells were plated on 13mm coverslips (For ReN cells, 
these coverslips were coated with matrigel) in a 24-well plate with FSM and 
incubated at 37°C/5%CO2 overnight. At the time of transfection, cells were at 
a confluence of ~40-50%. Two days post-transfection (see section 2.2.6), the 
cells were serum starved for 2 hrs with SFM and then fixed with 250 µl of 4% 
PFA for 15 min at RT, on a rocker. The PFA was fully removed by washing 
the wells three times with PBS. Where required the cells were permeabilised 
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with 250 µl of 0.2% [v/v] Triton X-100/PBS for 10 min and then incubated 
with 250 µl of blocking buffer (1% (w/v) BSA/PBS-T [PBS-0.1% (v/v) Triton-X 
100]) for 30 min. Cells were then incubated (in the dark or covered in kitchen 
foil and on a rocker) with blocking buffer containing 1:5000 TRITC-phalloidin 
(a F-actin probe conjugated to the red-orange fluoresce dye, 
tetramethylarhodomine [TRITC])  for 1 hr. Cells were then washed three 
times with PBS-T and incubated with the nuclei stain - DAPI (1mg/ml final 
conc.) at 1:10000 dilution made in PBS-T, in the dark (or covered in kitchen 
foil) for 5 min while rocking. Finally, the coverslips were mounted onto glass 
slides using 10 µl of mounting solution (0.1 M Tris-HCl, pH 8.5, 10% Mowiol, 
and 50% [v/v] glycerol) containing 2.5% [v/v] 1,4-diazabicyclo[2.2.2.]octane 
and kept in the dark for 24 hrs for the mounting solution to dry. The following 
day, any residual mounting solution was gently removed from the top of the 
cover slips using 100% [v/v] ethanol. Immunofluorescent analysis was carried 
out using a confocal microscope (Carl Zeiss, LSM710) with a 63x oil-
immersion objective lens and a 488nm Kr/Ar laser. Emission wavelengths 
used were 405 nm for DAPI, 488 n for GFP and 543 nm for pmCherry and 
TRICE-Phalloidin. Scale bar in confocal images represent 10µm. The confocal 
images shown are representative of  >50 cells from ³2 independent cell 
preparations.  
 

2.2.8 Cell Counting Kit-8 (CCK-8) 
 
The cell viability of ovarian cell lines as a result of treatment 5-Aza, SAHA 
and NAV-2729 were determined by using the Kit-8 cell viability assay. Here, 
ovarian cell lines were pre-determined for a seeding density of 2500 cells/well 
(for SKOV-3 and IOC cell lines) and 5000 cells/well (for OVSAHO cell line) in 
a 96-well plate (Griner, USA). Following cell attachment, the cells were 
treated with 0.1µM, 1µM and 10µM of 5-Aza-CdR and SAHA or 0.1% DMSO 
(as the solvent control) for a period of four days by replacing drugs and 
medium on the third day of treatment. Where indicated, SKOV-3 cells were 
also treated with 10µM, 50µM250µM of NAV-2729 (the Arf6 inhibitor; Tocris, 
UK) or 0.1% DMSO for 2 and 5 hours. Kit-8 colorimetric cell viability assays 
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were performed by adding 10µl of reagent to each well and incubated for 1 
hour at 37oC/5%CO2. During the incubation, the cellular dehydrogenases 
reduce the highly water-soluble tetrazolium salt WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- 2H-tetrazolium, into a 
water-soluble formazan orange dye which is then recorded using a microplate 
reader (BMG Labteck, USA) to measure the absorption at 450 nm. The data 
was then exported in Microsoft Excel (Microsoft, US) format and analysed 
using Prism 7 (GraphPad, US). 
 

2.2.9 Immunohistochemistry 
 
Frozen or paraffin-embedded ovarian healthy samples were obtained from 
the Department of Pathology (Singleton Hospital, Swansea, UK), under the 
authority of the Human Tissue Act (licence # 12651) . Commercial tissue 
array slides were purchased from Biomax (USA). By collaborating with 
Department of Pathology in Singleton Hospital, immunostaining of tissues 
(Immunohistochemistry [IHC]) was performed in a benchmark Ultra IHC 
staining module which is an automated immunostainer from USA-based 
Ventana Medical Systems.  The following protocol was assigned to the 
automated system and applied: following heat-induced antigen retrieval for 
32 min in CC1 retrieval buffer (pH8-8.5), a rabbit polyclonal antibody to 
EFA6R generated with the help of Eurogentec (Belgium) (Kanamarlapudi 
2014a) was used at a dilution of 1:150 and incubated at 36 degrees for 36 min. 
OptiView HQ universal linker and HRP multimer was added for 8 min to 
enhance stain quality. Diaminobenzidine (DAB) was used as the chromogen, 
and samples were counterstained with hematoxylin for 12 min. Prior to 
addition of primary antibody, to stop non-specific staining of endogenous 
peroxidase, peroxidase inhibitor was used. Table 3 displays the scoring 
method that considered two essential factors: proportion of epithelial cells 
that showed staining and the intensity of that stain. Ovarian healthy 
samples that failed to stain for EFA6R due to the absence of epithelial 
architecture on the TMA, were considered antigenically non-viable and 
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were excluded from the analysis. This was compensated by using in-house 
healthy ovarian epithelial tissues that were mounted on the same slide as 
the commercial TMA.  
 

Table 3. Immunohistochemistry Scoring Method 

 

 

 

 

 

 

 

 
2.2.10 Drug treatments 
 
For epigenetic studies: Ovarian cancer cell lines were electroporated with 200 
nM siEFA6R or sicontrol and plated in 6 cm or 10 cm plates at a cell density 
of 600,000/ml (see section 2.2.3.2). Following 4-6 hrs cell attachment, the 
medium was removed and replaced with 10 µM 5-Aza-Cdr, 1 µM SAHA or 
0.1% [v/v] DMSO (solvent control) for four days. Due to the relatively short 
half-life of 5-Aza-Cdr and SAHA, the drugs were replaced on day 3. After four 
days, the cells were subjected to cell migration/invasion assays (see section 
2.2.11) and various biochemical analysis (see section 2.2.14.2).  
 
For Arf6-GTP inhibition studies: SKOV-3 cells were treated with 10 µM 5-
Aza-CdR or 0.1% [v/v] DMSO for four-days, as described previously. The cells 

Guidelines for interpretation 

Distribution 
of Stain (DS) 

Observation Intensity 

Score (IS) 

Observation 

0 None 0 None 

+1 <10% +1 Weak  

+2 10-25% +2 Moderate  

+3 25-50% +3 Strong 

+4 50-75%   

+5 75-100%   

E.g.: DS = +3, IS = +1 and therefore total score = +4 
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were then treated with 50 µM NAV-2729 in SFM and proceeded to conducting 
migration/invasion assays followed by biochemical analysis.  
 

2.2.11 Cell migration and Cell invasion 
 
Prior to cell migration and invasion assays, SKOV-3 cells were electroporated 
with or without siEFA6R and siControl, followed by incubation with 10 µM 
5-Aza-CdR-Cdr for four days. The migratory and invasive phenotypes, 
following these treatments, were then assessed.  
 

Cell migration using the 2-well silicone insert: 70µl of cells (at an optimal 
seeding density of 700,000 cells/ml) were placed in each well of a 2-well 
silicone insert that has a defined cell-free gap (Ibidi, US). The aim in using 
this cell density was to obtain a fully confluent monolayer where cell-cell 
attachment and contact inhibition was visible. After cell attachment (4-24 
hrs), the culture-insert 2 Well was gently removed using a sterile tweezer by 
grabbing a corner of the insert. 250 µl of PBS was initially added to wash non-
adherent cells or cell debris and a final 500 µl of fresh culture medium was 
added to the well (the inserts were placed in a 24-well plate). Then, cell 
migration was photographed at 4-hour intervals using a Olympus IX71 
microscope and XM10 camera (Olympus, Center Valley, USA). The area 
between two edges of the migratory cells’ were measured using ImageJ 
software where cell migration presented as percentage gap closure using the 
following equation: ([pre-migration] area-[post-migration] area/[pre-
migration] area) x 100% (Davies et al. 2014). 
 
Cell migration and invasion using transwell chambers:  Prior to cell 
migration and invasion assays using 0.8µm pore sized polycarbonate 
membrane transwell chambers (Greiner, US), Matrigel (stored at -80oC) was 
thawed at 4oC for 4-24 hrs. During coating of the transwell inserts, the 
matrigel, sterile pipettes, tips, eppendorfs and the transwell inserts were pre-
cooled and maintained at 4oC. For the SKOV-3 invasion studies, the matrigel 
was diluted to 1.2mg/ml (stock concentration of 8-12 mg/ml) in cold SFM and 
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100µl of the coating media was placed inside the transwell chamber and 
allowed to polymerize for 24 hrs at 37oC/5%CO2. At the same time, control 
inserts without matrigel and only 100µl of SFM were also prepared for cell 
migration studies. Following polymerization, the unpolymerised media was 
removed, and the chamber washed with 250 µl of SFM and rehydrated with 
100µl of warm SFM for 0.5-1 hr at 37oC/5%CO2. SKOV-3 cells were 
resuspended in SFM at a concentration of 50,000 cells/ml. 250µl of the cells 
were placed onto the matrigel-coated (invasion assay) and non-matrigel-
coated (migration assay) transwell inserts. 750 µl of FSM (containing 10% 
FBS as the chemoattractant) was placed in the bottom chamber. Following 
cell invasion (16 hours) and migration (4 hours) of cells, the inserts were 
washed submerged in PBS (2x) to wash the medium and fixed by 
formaldehyde (4% in PBS) for 5 min at room temperature, on a rocker. The 
PFA was removed and the inserts were again submerged in PBS (2x) to 
remove the PFA. The cells were permeabilized by using 100% methanol for 
20 min at room temperature followed by washing with PBS (2x). The non-
invaded and non-migrated and the invaded and migrated cells were stained 
with 0.4% crystal violet (made in 10% Ethanol) and incubated at RT for 15 
min in the dark. The excess crystal violet was removed by twice washing with 
PBS and the non-invaded cells in the transwell insert were removed using a 
cotton swab. The inserts were allowed to dry for 2-24 hrs at room 
temperature, or for 1 hr at 37oC. The number of invading and migratory cells 
were assessed using two methods: (1) the membrane was cut using a scalpel, 
placed in a 24-well plate and 150µl of 5% SDS was added to extract the dye. 
This was left on a shaker for 5 min. 50µl of the extract was transferred in 
triplicates to a 96-well plate and the absorption was read at 5470nm using a 
microplate reader. (2) invading and migrating cells were counted under an 
inverted light microscope in five randomly selected positions. The criteria for 
choosing a whether a cell had migrated or invaded was counting both the cells 
on the other side of the membrane and also cells that are moving through the 
membrane pores. The number of cells were averaged.  
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2.2.12 Flow Cytometry  
 
Flow cytometry was used to analyse b-1 integrin expression in HEK293 cells, 
following siRNA knockdown of EFA6R.  
 
siRNA transfection 

 

HEK293 cells were transiently transfected with siRNAs siControl, siEFA6R 
1 or siEFA6R IAS. Following 4 days of incubation, adherent cells were 
harvested by pipetting the HEK293 cells off the culture plate or by using 0.5 
ml of non-enzymatic cell dissociation solution.  
 
Plasmid DNA transfection (to be used for future studies): 
 
HEK293 cells will be transiently transfected with EFA6R wild-type (WT) and 
its deletion and point mutant constructs for two days, at 37oC/5%CO2.  

 

The cells were counted and 50,000-200,000 cells/ml were seeded into a 96-well 
U-bottom clear plate. For each treatment, two separate wells were seeded 
with cells: one for the antibody test, and the other for the isotype control. The 
cells were centrifuged at 300 x g for 5 min at 4oC using an Eppendorf 5810R 
centrifuge and the FSM was aspirated off, to be replaced with 100 µl of cold 
flow buffer: PBS (pH 7.4) containing 0.5% FBS, 0.1 % Sodium Azide (NaN3). 
The cells were again centrifuged at 300 x g for 5 min at 4oC and blocked in 
blocking buffer (0.2% [w/v] BSA/PBS) for 45 min at 4oC. The blocking buffer 
was removed by centrifugation and the cells were then re-suspended in 25 µl 
of cold staining flow buffer containing either 1/100 Isotype control-APC 
conjugate mouse IgG1K, clone MOPC-21, 200 µg/ml (Biolegend) or b-1 
Integrin (Phycoerythrin, PE, fluorescence emission peak of 578 nm) 578 nm 
emission for 1 hr at 4oC. The cells were washed three times by adding 100 µl 
of staining buffer followed by centrifugation. Following the final 
centrifugation, the cells were incubated with 7-aminoactinomycin D (7-AAD) 
(PE-Texas red, fluorescence emission peak of 616, Invitrogen) diluted 1:100 
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in 0.2% (w/v) BSA/PBS for 10 min at 4oC in the dark. The cells were washed 
three times with the staining buffer, centrifuged and re-suspended in 100 µl 
of staining flow buffer and the plate kept at 4oC. Quantification of β-1 Integrin 
expression was carried out using flow cytometer  
 

2.2.12.1 Fluorescence Spillover and Compensation  
 
The ultimate aim of a flow cytometry experiment is basically matching a 
colour to each antibody used in a reagent.  Spillover occurs when the emission 
spectra of certain common fluorochrome physically overlap.  Therefore, there 
is a danger of the emission fluorescence of one fluorochrome being detected 
while measuring signal from another fluorochrome. Fluorescence 
compensation is therefore setup to remove the signal from a given 
fluorochrome from all neighbouring channels. Here, a negative and positive 
population of cells (for each colour) were stained with either PE-Texas red, 
Phycoerythrin or Fluorescein (FITC) fluorochromes). These single-stained 
cellular controls contain cells that are unstained and cells stained with single 
colour. Even though compensation depends on the fluorochrome and not the 
cell type, we both positive and negative cell lines to ensure similar 
autofluorescence. Using the FlowJo 1.3 software is then used to automatically 
calculate compensation values for each fluorochrome combination. These 
values were then used to correct for all spectra Spillover in all experiments 
prior to data analysis.  
 

2.2.13 RNA extraction, cDNA synthesis and RT-qPCR 
 
RNA was extracted from cell lines using TRI-reagent following protocols 
supplied by the manufacturer (see section 2.2.14.2 for details). A NanoDrop 
(Thermo Fisher Scientific, USA) was used to measure RNA concentration and 
ensure that high quality RNA is used. For all RNA samples the RNA purity 
was consistent with the following criteria: an A260/A280 ratio of ≥1.7.  
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cDNA synthesis 

 
Single-stranded cDNA from total RNA was synthesized using the High 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). The 
2x reverse transcription master mix was prepared by adding 2 µl of 10XRT 
buffer, 0.8 µl of 25X dNTP mix [100 mM], 2 µl of 10X RT Random Primers, 1 
µl of MultiScribeTM Reverse Transcriptase, 1 µl of RNase inhibitor and 3.2 µl 
of ddH2O to make a 10 µl reaction mixture. 10 µl of the 2X RT master mix 
was transferred into a tube. In order to synthesis 2µg of cDNA the 
C1V1=C2V2 calculation was done (where C1 is the stock concentration, C2 is 
the desired concentration, V2 is the final reaction volume and V1 is the 
amount to be added to get the desired concertation) and the amount starting 
RNA transferred into the tube, and made to a final volume of 10 µl using 
ddH2O. The 2x RT master mix was combined with the RNA to create a 1x mix 
and mixed by briefly vortexing Reverse transcription was performed in a 
thermo cycler (Biorad T100TM Thermal Cycler) using the following 
parameters: 25oC for 10 min, 37 oC for 120 min, 85 oC for 5 min. The cDNA 
was stored at -20oC for long term usage.  
 
RT-qPCR 

 
The reverse transcription reactions (cDNA) were quantified using 2 x RT2 
SYBR Green qPCR mastermix (Qiagen, USA). For each 10µl RT-qPCR, the 
following components were mixed in 5 µl of RT2 SYBR Green Mastermix, 4.5 
µl of RNase free H2O, 200 µM of both forward and reverse primers (see table 
4 below for primer details) and 0.5 µl of undiluted cDNA template.  
 
Table 4. RT-qPCR primers used in this study. 

Gene 
ID 

Forward and Reverse Primer 
(5’→3’) 

Product 
(bp) 

Intron 
Spanning 

Reference 

ACTB 
 

F: 5’-

CAGCCATGTACGTTGCTATCCAGG-3’ 

151 No (Y. Liu et al. 2010) 
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To control for DNA contamination, a negative control reaction was prepared 
by simply replacing template with water, so-called no template control (NTC). 
To control for genomic DNA contamination, a no reverse transcription 
reaction (NRT) was prepared for each RNA sample, during the cDNA 
synthesis stage. Initially, a standard curve was generated for each gene of 
interest and the housekeeping gene by preparing a series of 8-fold dilutions 
in triplicates using template known to represent the gene of interest. The 
plate was sealed with an adhesive optical sealing film (Bio-Rad, US) and the 
plate was run on the following program: 1 cycle of enzyme activation at 95°C 

for 30sec, followed by 40 cycles of denaturation at 95°C for 5 sec and 

annealing/extension at 60°C for 30 sec. The mRNA levels were normalized 
with housekeeping gene β-actin. All samples were used in duplicates unless 
otherwise stated and the obtained Cq values using CFX Manager Software 
version 1.6 (Bio-Rad, USA). The relative fold change in gene expression was 
analysed using the double delta Cq analysis (2-ΔΔCq) method (Livak and 
Schmittgen 2001). Here, the average of samples and reference gene is 
conducted (ΔCq), followed by normalization of sample against endogenous 
housekeeping gene (∆ΔCq). Finally, the expression fold change is obtained 
through 2-ΔΔCq. 
 

2.2.14 Protein Estimation and Immunoblotting 
 

2.2.14.1 Protein Estimation 
 
From one Bovine Albumin Standard (BSA) ampule of 2mg/ml (Thermo 

R: 5’-AGGTCCAGACGCAGGATGGCA-
3’  
 

EFA6R 1  F: 5’-CGCAGCGGCAGAGACATTT-3’ 

R: 5’-TTTGGCCTTGGCAACACTCT-3’ 

70 Yes Designed and verified 

for this study 

EFA6R 2  F: 5’- 
AAACCCGCTATGAAATGTATGTC-3’ 
R: 5’-
TGGCAGTGATTGGAGAAGTATC-3’ 

141 No Designed and verified 
for this study  
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Scientific, UK) a set of diluted standards were prepared with the 
concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0mg/ml. 10µl of BSA standards were 
added in duplicates into a 96-well flat bottom plate (Greiner, US). The 
proteins samples were diluted in ddH2O (1/5 or 1/10) and 10µl of the samples 
were added to the plate (See schematic below for reference). 
 

      BSA Standards      Diluted samples  

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.0 0.0  Sam1 Sam1        

B 0.2 0.2  Sam2 Sam2        

C 0.4 0.4  Sam3 Sam3        

D 0.6 0.6  Sam4 Sam4        

E 0.8 0.8  Sam5 Sam5        

F 1 1           

G             

H             

 
The BCA working reagent (Thermo Scientific TM, US) was made by adding 50-
parts of reagent A (bicinchoninic acid solution – BCA) and 1-part reagent B 
(Copper (II) sulfate pentahydrate 4 % solution). 80µl of the BCA and copper 
sulfate solution was added to each well and the plate was incubated at 37oC 
for 30 min in an Incucell incubator. The absorption readings at 490 nm 
wavelength were taken using the Biotek plate reader and its Gen5 imaging 
software. A standard curve was prepared by plotting the average blank-
corrected 490 nm measurement for each BSA standard vs. its concentrations 
in µg/ml. This standard curve was used to determine the protein 
concentrations of each unknown sample, using the  
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2.2.14.2 Immunoblotting 
 

Preparation of whole cell lysates using TRI-Reagent (Sigma, US) 
 

Samples preparation: Monolayer cells were washed twice in PBS (Greiner, 
US) and directly lysed on the culture dish, using 1 ml of TRI reagent per 10 
cm2 of culture plate (Greiner, US), 0.4ml per 6 cm2 (Greiner, US), 0.2µl per 3 
cm2 (Greiner, US) (or a 6-well plate (Greiner, US) and 0.05ml per 24-well 
plate (Greiner, US) of the volume of the TRI reagent. Suspension cells were 
isolated by centrifugation following twice washing in PBS, and then lysed in 
TRI-reagent by repeated pipetting. To ensure complete dissociation, the cell 
lysates were sheared using a 21-gauge needle and syringe and then incubated 
for 5 min at room temperature.  At this point the samples can be stored at -
70oC for up to a month, at -20oC for up to a week and at 4oC for 24 hrs. Phase 
separation: 0.2ml of chloroform per 1ml of TRI Reagent was added to the 
samples and shaken vigorously for 1 seconds and allowed to stand for an 
addition 15 min at room temperature. Centrifugation of the resulting mixture 
at 12,000 x g for 15 min at 4oC, yields 3 layers: a red organic layer (containing 
protein), an interphase (containing DNA), and a colourless upper aqueous 
layer (Containing RNA).  
 
RNA isolation: The aqueous phase was added to a fresh 1.5 ml microfuge tube 
and 0.5 ml of 2-propanol per 1 ml of TRI Reagent used in sample preparation 
and mixed by inverting 12 times, left to stand for 10 min at RT and 
centrifuged at 12,000 x g for 10 min at 4oC, resulting in an RNA precipitate 
in the form of a pellet. The supernatant was removed and the RNA pellet was 
washed in 1ml of 75% ethanol per 1 ml TRI-Reagent using in sample 
preparation. The samples were vortexed and then centrifuged at 7500 x g for 
5 min at 4oC. At this stage, the samples can be stored in ethanol at 4oC for 1 
week and at -20oC for up to 1 year. The RNA pellet was air dried – while not 
allowing the RNA pellet to dry completely – and an appropriate volume of 
RNase free H2O was added to facilitate dissociation. The sample was briefly 
vortexed, spun down and the RNA concentration was read using a NanoDrop. 
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RNA samples were prepared free of DNA and protein as they had an A260/A280 
ratio of ≥1.7. The samples were then stored at -80oC or prepared for cDNA 
synthesis and RT-qPCR experiments.  
 
Protein isolation: The interphase containing DNA was removed and the 
protein was precipitated using 1.5 ml of 2-propanol per 1 ml of TRI Regent 
used in sample preparation and the samples were allowed to stand for 10 min 
at room temperature. They were then centrifuged at 12,000 x g for 10 min at 
4oC, resulting in a protein precipitate in form of a pellet. The supernatant was 
discarded and the pellet was washed 3 times (10 min/wash at room 
temperature) in 0.3 M guanidine hydrochloride/95% ethanol solution, using 2 
per 1 ml TRI Reagent used in sample preparation. Following each wash, the 
pellet was centrifuged at 7500 x g for 5 min at 4oC and after three washes, 2 
ml of 100% ethanol was added, vortexed and centrifuged at 7500 x g for 5 min 
at 4oC. At this stage the protein pellet can be stored at 4oC for 1 month and 
at -20oC for up to a year. The protein pellet was air dried and subsequently 
dissolved in 5% SDS aided by vortexing. Insoluble materials were removed by 
centrifugation at 10,000 x g for 10 min at 4oC. The supernatant was 
transferred to a new 1.5 ml microfuge tube where 10µl of the sample was 
taken for protein estimation (see above) and to the rest 1/5th volume of 5x 
sample loading buffer (5% [w/v] SDS, 125mM Tris HCl pH 6.8, 50% [v/v] 
glycerol, 0.005% [w/v] bromophenol blue and 20% [v/v] 2-Mercaptoethanol) 
was added boiled at 100oC for 5 min using a Grant heating block. The samples 
were stored at -20oC prior and after immunoblotting.  
 

Preparation of whole cell lysates in GST-GGA3-VHS-GAT (GST-Arf effector) 

pulldown assay  

 

Monolayer of cells in a 6 cm2 plate were serum starved by replacing the media 
with 2 ml of Serum Free Media and incubated at 3oC /5% CO2 for 2 hrs. The 
cells were then washed 3 times with cold PBS and lysed using 0.5 ml of 
pulldown lysis buffer (25mM Tris pH 7.2, 150mM NaCl, 5mM MgCl2, 1% NP-
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40/ IGEPAL®CA-630, 5% glycerol) containing 1% mammalian protease 
inhibitor cocktail (Sigma). The cell lysates were sheared using a 21-gauge 
needle and syringe (10x), transferred to a 1.5 ml microfuge tube and then 
incubated on ice for 15 min. The lysates were centrifuged at 22,000 (14000 
rpm) x g for 10 min at 4oC and the supernatant was collected into a new 1.5 
ml microfuge tube. 10µl of the sample was taken for protein estimation (see 
above); 0.35 ml of the lysate was incubated with 10µl of 25% of GST-effector 
coupled to magnetic agarose beads for 2 hrs at 4oC on microtube rotator. 
Using a magnetic stand, the beads were then washed three times with lysis 
buffer and the bound proteins were eluted by adding 50µl of 1x sample buffer 

and then boiling for 5 min at 100°C. The remaining lysates (~0.14 ml) not 
incubated with the beads were boiled after adding 35 µl of 5x sample buffer 
for 5 min at 100oC. The pulldown samples and the input samples were stored 
at -20oC prior and after immunoblotting.  
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SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
 
Following sample preparation, the required percentage of running gel was 
made according to the following table 5. 
 
Table 5. Running Gel Protocol 

 

 *N, N, N, N’-tetramethylethylenediamine 
  
The solution was mixed by inversion and the solution was poured between a 
spacer (1.5mm) plate and a short plate (both previously washed in ddH2O and 
70% ethanol and dried) (Bio-Rad, UK). Water-saturated butanol was added 
to ensure a uniform gel edge is formed. Following polymerization (~10-15 
min), the water-saturated butanol was washed off with ddH2O and the 
stacking gel was added according to the following table 6: 
 
 
 

Reagent 7.5% 

~37-

250kDa 

10% 

~25-150kDa 

12.5% 

~15-100kDa 

15% 

~10-75kDa 

ddH2O 5 ml 4.2 ml 3.5 ml 2.5 ml 

4 X Tris SDS 

Running 

Buffer (pH 

8.8) 

2.5 ml 2.5 ml 2.5 ml 2.5 ml 

30 % [v/v] 

Acrylamide 
2.5 ml 3.3 ml 4 ml 5ml 

Ammonium 

Persulfate 

(APS) 

1 small 
spatula, 
0.01% [w/v] 

1 small 
spatula, 
0.01% [w/v] 

1 small 
spatula, 
0.01% [w/v] 

1 small 
spatula, 0.01% 
[w/v] 

TEMED* 10 µl (0.01% 
[w/v]) 

10 µl (0.01% 
[w/v]) 

10 µl(0.01% 
[w/v]) 

10 µl (0.01% 
[w/v]) 
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Stacking Gel (3ml) 
 

Table 6. Stacking Gel Protocol 

*125mM Tris-HCl pH 6.8, 0.1% [w/v] SDS 
 
The stacking gel was poured onto the running gel and a comb was inserted to 
form loading wells upon polymerization (~10-15 min). The comb was removed 
and the wells were washed 3 times with ddH2O to remove unpolymerised 
acrylamide. The gel(s) were assembled into a clamping frame and placed in a 
mini tank (Bio-Rad, UK). The central reservoir was fully filled (until the top 
edge) with running buffer (25mM Tris HCl, 192 mM glycine, 0.1% [w/v] SDS, 
pH 8.3) while the tank itself was filled half-way in order to cover the bottom 
tank electrode. According to protein estimation results, up to 35 µl of protein 
samples and 3µl of protein standard (Bio-Rad) was loaded onto the wells and 
electrophoresis was carried out at 200 volts for ~ 40 min using a PowerPac 
Basic (Bio-Rad, UK).  
 

Semi-Dry Membrane transfer  
 
Prior to transfer or proteins from the acrylamide gel onto a polyvinylidene 
fluoride (PVDF) membrane (pore size 0.45µM), the PVDF membrane was 
soaked  
in methanol for ~30 seconds, rinsed in ddH2O for 2 min and then washed in 
transfer buffer (25mM Tris HCl, 192mM glycine, 20% [v/v] methanol, pH 8.3, 

 

Reagent Amount 

ddH2O 1.75 ml 

Stacking Gel* 0.75 ml 

30 % Acrylamide 0.5 ml 

APS ½ small spatula, (0.01% [w/v] 

TEMED 3 µl (0.01% [w/v]) 
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chilled at 4oC) for minimum 5 min (If the membranes were not needed 
straight away, they were placed in fridge). Inside a Trans-Blot Turbo Transfer  
system (Bio-Rad, UK), 3mm filter papers (soaked in transfer buffer), the 
PVDF membrane and the gel were assembled according to the following 

schematic: 

 

 
The transfer was then performed at 25 V for 30 min using the Trans-Blot 
Turbo System (Bio-Rad, UK).  

 

Visualization, blocking and antibody incubation of PVDF membrane 
 
Following transfer, the membrane was washed in ddH2O for 5 min and then 
the proteins were visualized with ponceau red stain (1x prepared by diluting 
1:10 of 1% [w/v] ponceau S made in 40% [w/v] acetic acid with water) to ensure 
a high efficiency or protein transfer and in the case of GST-Arf effector 
pulldown samples, to distinguish inputs from pulldowns. The membrane was 
then appropriately labelled with a pencil and blocked in blocking buffer (5% 
[w/v] non-fat milk powder (Marvel, UK) prepared in TBS Tween-20 (10mM 
Tris HCl pH 7.4, 150mM NaCl, 0.05% [v/v] Tween 20) on a SSL4 see-saw 
rocker for 1 hr at room temperature or overnight at 4oC. The primary antibody 
(see results chapters’ figure legends for antibody details) was made in 
blocking buffer and sealed in a plastic bag with the membrane and incubated 
for 1 hr at room temperature or at 4oC, overnight on a rocker. The membrane 
was then washed 5 times for 5 min in TBS-Tween 20. The membrane was 

Top (-) cassette electrode (cathode) 
 
3x filter papers 
 
Gel 
 
PVDF membrane 
 
3x filer papers 
 
 
(Bottom (+) cassette electrode (anode) 
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then sealed in a fresh plastic bag with the secondary antibody (HPR-linked 
anti-rabbit [1:2500 dilution, from GE healthcare Cat. No. NA934] or HPR-
linked anti-mouse [1:2500 dilution, from GE healthcare Cat.  NA933], made 
in blocking buffer, for 1 hr at room temperature, on a rocker. The membrane 
was again washed 5 times for 5 min in TBS- Tween 20. 
 

Development and visualization using enhanced chemiluminescence (ECL)  
 

Using the Amersham ECL Prime Western Blotting Detection Reagent ECL 
(GE healthcare, US), the detection reagent was made from the two reagents 
(Reagent 1 and Reagent 2) in equal parts (1:1). ECL was then added in two 
ways: (1) the membrane was placed faced down in the detection reagent for 
30 seconds to 1 min (depending on the protein of interest) and then placed 
face up in the ChemiDoc TM CRS imaging machine (Bio-Rad, UK) or (2) ECL 
was added directly on top of the membrane for 30 seconds to 1 minute. The 
membrane underwent automatic exposures at anywhere between 0.5 seconds 
to 5 min – depending on the relative abundance of the protein by using 
Quantity One software (Bio-Rad, UK). Following visualization, the 
membranes were stored at 4oC. ImageJ (Fiji processing package) software 
(Schindelin et al. 2012) 
 

Stripping and re-probing 
 
The previously probed membranes were sealed in a plastic bag with an 
appropriate amount of immunoblotting stripping buffer (Thermo Scientific, 
UK) and incubated for 15 min at room temperature, on a rocker. The 
membranes were then washed twice in ddH2O for 1 min and then once in 
TBS-Tween 20 for 5 min before being blocked again and reprobed with 
another primary and secondary antibody. The newly reprobed blots were then 
visualized as described previously.  
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2.2.15 Data Analysis 
 
Data was analysed using the graph prism program (Mac version 7). In some 
selected immunoblotting images, the average of three independent 
experiments are displayed as fold change or % change of expression. The 
D’Agostino-Pearson test was done to assess data normality and subsequently 
the non-parametric Mann-Whitney statistical test was used to compare two 
groups of data and the Kruskal-Wallis test was used to compare three or more 
groups of data. A value of P > 0.05 was considered not significant (ns) whereas 
P < 0.05, P < 0.01, P < 0.001 and P < 0.0001 (denoted as *, **, ***, ****) were 
used as the general limit of significance. For confocal images, scale bars 
represent 10 µm. The confocal images shown in figures are representatives of 
up to 100 transfected cells from three different experiments.  
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Chapter 3: EFA6R expression is 
downregulated in Epithelial 

Ovarian Cancer (EOC) tissues and 
cell lines 

 

3.1 Introduction 
 
Epithelial Ovarian Cancer (EOC) remains the most lethal gynaecological 
malignancy in the western world (Jacobs et al. 2016). Less than 40% of 
patients survive 5 years after initial diagnosis because there are no effective 
screening strategies for early detection of this disease. As a result, individuals 
that have germline mutations in BRCA1 and BRCA2 or other high-risk 
associated ovarian cancer genes or biomarkers, often undergo bilateral 
salpingo-oophorectomy (removal of ovaries and fallopian tube) surgery to 
reduce the risk of developing ovarian cancer (Matulonis et al. 2016). Current 
attempts at early detection of ovarian cancer through serum detection of CA-
125 and the use of transvaginal ultrasonography have improved initial 
detection of EOC, but have not significantly reduced mortality rates, 
highlighting the eminent need for inclusion of novel biomarkers that identify 
abnormalities (Jacobs et al. 2016, Menon et al. 2015) 
 
EOC is a highly heterogeneous disease, which is traditionally divided into 
four major histological subtypes: serous, endometroid, clear cell and 
mucinous carcinoma (Bast, Hennessy, and Mills 2009). Serous ovarian 
carcinoma is responsible for ~ 70% of EOC (Seidman et al. 2004). The most 
aggressive sub-type is high-grade serous ovarian carcinoma (HGSC), which 
accounts for 90% of these serous carcinomas and two-thirds of all ovarian 
cancer deaths, making it the most extensively studied ovarian carcinoma 
(Bowtell 2010, Gershenson et al. 2006). The features that set HGSC apart 
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from LGSC are: TP53 mutation (in over 95%), homologous recombination 
DNA repair defects, BRCA1/2 and CCNE1 aberrations and overall genomic 
instability (Bast, Hennessy, and Mills 2009, The Cancer Genome Atlas 
Research 2011, Berns and Bowtell 2012, Ahmed et al. 2010). In contrast, 
LGSC are TP53 wildtype and also have frequent activating of KRAS/BRAF 
pathways (Kurman and Shih Ie 2008). Similar to LGSC, mucinous 
carcinomas also have mutations in KRAS, whereas endometroid and clear cell 
carcinomas harbour PTEN and PIK3CA mutations respectively (Bast, 
Hennessy, and Mills 2009).  
 
The Small GTPase ADP-ribosylation factor 6 (Arf6) functions as a molecular 
switch in cellular signalling pathways by cycling between GDP-bound 
inactive and GTP-bound active form, which is precisely regulated by two 
regulators: guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs) (Donaldson and Honda 2005). Numerous studies 
have shown that these regulators play critical roles in tumour 
angiogenesis/growth and cancer cell invasion/metastasis through regulating 
the cycling of Arf6 (Matsumoto et al. 2017, Zangari et al. 2014, Koumakpayi 
et al. 2011, Hashimoto et al. 2011, Zhang et al. 2015). However, few studies 
have investigated the expression and functional roles of Arf6 GEFs and GAPs 
in EOC. Among these Arf6 GEFs are the Cytohesins (1-3), the EFA6 (EFA6A, 
EFA6B, EFA6C and EFA6D/EFA6R/PSD3) and BRAG (GEP100/BRAG2) 
family which have been shown to be involved in many cancer types (Hongu & 
Kanaho 2014). 
 
EFA6R/PSD3/HCA67 is an Arf6-speficic GEF, initially proposed to function 
as an oncogene due to its upregulating in liver and colon cancer tissues but 
not in the healthy tissues (Wang et al. 2002). However other reports have 
shown that down-regulation of EFA6R in ovarian and glioblastoma 
carcinomas result in worse prognosis with increasing grade, implying that 
EFA6R is a tumour suppressor gene (TSG)  (Pils et al. 2005a, van den Boom 
et al. 2006). Certainly, the gene locus 8p22 at which the EFA6R exists is 
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common point for loss of heterozygosity (LOH) in EOC. Loss of heterogeneity 
(LOH) or allelic deletion is a common occurrence in cancer and high rate of 
LOH in a particular chromosome region provides strong indication that the 
region TSG (Wijnhoven et al. 2001). LOH on the short arm of chromosome 8 
is associated with sporadic EOC (Brown et al. 1999). One study showed that 
serous and mucinous carcinomas, differed with respect to the frequency and 
pattern of LOH at 8p (Lassus et al. 2001). At distal regions of chromosome 
8p, allelic analysis of 8p21-p23, showed that 67% serous carcinoma samples 
display LOH whereas only 21% of mucinous carcinomas showed allelic loss 
(Lassus et al. 2001).  
 
Therefore, a more widespread analysis of EFA6R mRNA expression in tissues 
and cancers was sought using a Real Time – quantitative Polymerase Chain 
Reaction (RT-qPCR)-based cancer array (Origene’s TissueScan Cancer 
Survey). EFA6R expression was found to be significantly increased in breast 
tissues and significantly reduced in liver and ovarian tissues. The 
downregulation of EFA6R in EOC was further validated using a larger set of 
samples and the impact of carcinoma subtype was investigated from this 
data. Out of all EOC subtypes, only mucinous carcinoma did not show 
significant reduction in EFA6R expression. Using ovarian cancer Tissue 
Microarrays (TMAs), we also undertook immunohistochemical analysis of 
EFA6R and found its downregulation to correlate with cancer progression. 
Finally, we identified EOC cell lines that are EFA6R-positive and EFA6R-
negative; which were used for functional analysis of EFA6R role in EOC 
progression in chapter 4.  
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3.2 Materials and Methods  
 

All chemicals and consumables used were obtained from Sigma (Dorset, UK) 
unless otherwise stated. Cell culture plates were obtained from Greiner-Bio 
One (Gloucestershire, UK).  GFP-tagged Cytohesins 1-4, EFA6A, EFA6R and 
EFA6C expression plasmids were available in the lab (Kanamarlapudi 
2014a). 
 

3.2.1 Ovarian healthy and cancer cell lines 
 
The immortalized healthy Human Ovarian epithelial cell (IOC) and the 
human cancer cell line TOV21G were provided by Dr. Deyarina Gonzalez 
(Swansea University Medical School, UK); the human ovarian cancer cell 
lines SKOV-3 and OVCAR3 were purchased from ATCC (USA); OVSAHO 
and CAOV3 were obtained from Dr. Marion Curtis (University of Chicago 
Biomedical Sciences, USA). OVCAR8, IGROV-1, COV504, COV318 were 
obtained from Dr. Alan Richardson (Keele University School of Pharmacy, 
UK). All cell lines were cultured aseptically in RPMI supplemented with 10% 
FBS, penicillin (100 U/ml), streptomycin (0.1 mg/ml) and glutamine (2mM) at 
37oC/5%CO2 in a humid incubator. Cell counting was performed using 
Countess® cell counter (Invitrogen, UK). Figure 3.6A shows which histology 
group these ovarian cancer cells belong to.  
 

3.2.2 RNA extraction, cDNA syntheses and RT-qPCR 
 
RNA extraction, cDNA syntheses and RT-qPCR were carried out according to 
protocol in section 2.2.13.  
 

3.2.3 Western blotting 
 

Western blotting was carried out according to protocol in section 2.2.14.2 
using primary antibody (anti-EFA6R rabbit polyclonal 1/500 dilution) diluted 
in blocking buffer or anti- β-actin mouse monoclonal at 1/10,000 dilution, 
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followed by incubation with horseradish peroxidase (HPR) -conjugated 
secondary antibody (GE Healthcare, USA) diluted in blocking buffer (anti-
rabbit or anti-mouse 1/2500 dilution). The OncoPair INSTA-Blot cat: No: 
NBP2-30124 (Novus Biological, UK) which is a ready to use PVDF membrane 
containing denatured protein lysates from serous carcinoma and matched 
healthy adjacent tissues obtained from seven patient donors was probed with 
anti-EFA6R under same conditions as immunoblotting of cell lines described 
above. 
 

3.3.4 Gene expression analysis using cDNA tissue array 
 

Gene expression analysis of healthy and cancer tissues by RT-qPCR was 
carried out using a commercial cDNA tissue array from Origene 
technologies Inc (USA). The Origene TisssuScan cancer survey I contain 
three healthy samples and nine cancer samples per tissue. The ovarian cancer 
cDNA array contains 192 healthy and cancer samples (plate I.D: HORT101, 
HORT102, HORT103 and plate HORT104). The histological and clinical 
information of the samples can be found at the OriGene website: 
https://www.origene.com/search?q=ovarian+cancer. Both cDNA arrays were 
pre-normalized to β-actin expression. The plates were subjected to RT-qPCR  
 

3.3.5 Immunohistochemistry 
 
Immunohistochemistry was carried out according to protocol in section 
2.2.9. 

 
3.3.6 Statistical Analysis  
 

Data was analysed using the Graph prism program (Mac version 7). Box blots 
are used to show three or more independent experiments, unless stated 
otherwise. The non-parametric Mann-Whitney and Kruskal-Wallis statistical 
tests was used to calculate statistical significance for the data. A value of P > 
0.05 was considered not significant (ns) whereas P < 0.05, P < 0.01, P < 0.001 
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and P < 0.0001 (denoted as *,**, ***, ****) were used as the general limit of 
significance. 
 

3.3 Results 
 

3.3.1 Validation of EFA6R primer and characterisation of in house 
generated EFA6R antibody for immunoblotting and IHC 
 

Regardless of whether conventional PCR or RT-qPCR is used for gene 
expression analysis, there are several assay conditions that need to be 
optimized. Although factors such as instrument and reagents (such as buffer 
conditions and magnesium concentration) are important in ensuring 
successful quantification, most optimization procedures are focused on 
modification of primer binding kinetics, using primer concentration or 
annealing temperature/melting temperature. Therefore, in order to validate 
the EFA6R primers for use in amplification of EFA6R from Origene cDNA 
cancer arrays and ovarian cell lines, RT-qPCR was used to test the efficiency 
and relative stability. The EFA6R primers were designed based on the C-
terminus of the EFA6R human gene (Figure 3.1A). To maximize RT-qPCR 
efficiency, the amplicon length was designed to be <150 base pairs (b.p) 
(Figure 3.1B). The performance of the primers was assessed using GFP-
hEFA6R plasmid (Figure 3.1C left panel). We then demonstrated the 
sensitivity of the EFA6R primers using a range of the plasmid concentrations 
from which we generated a standard curve by plotting the Cq values against 
the log of amount of plasmid DNA. From this, it was calculated the R2 value 
as 0.99 with a primer efficiency of 116%. Similarly, a cDNA sample from the 
healthy ovarian cell line IOC was used to test the detection threshold of the 
assay. The use of a cell line cDNA template was particularly important as in 
the experiments that followed, we used cDNA from tissues and cell lines to 
assess EFA6R expression levels. The R2 and efficiency for EFA6R in IOC-
derived cDNA was 0.99 and 105%. An acceptable range for primer efficiency 
is 90-110%, therefore the primers were deemed suitable for usage in future 
RT-qPCR experiments.  
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Similar to the principles of RT-qPCR optimization, in order to monitor protein 
expression in cells or tissues, the suitability of the primary antibody in 
different assay conditions (immunoblotting and IHC) must be assessed. We 
used an in-house generated rabbit-anti EFA6R (raised against a peptide 
representing the last 15 amino acids at the C-terminus of EFA6R and affinity 
purified by using the immunizing peptide coupled resin through a commercial 
vendor [Eurogentec]) (Kanamarlapudi 2014a). Since EFA6R shares sequence 
homology with other members of EFA6 and Cytohesin families of Arf6 GEFs, 
we sought to determine whether the EFA6R antibody cross-reacts with any 
GEFs belong to these families. For this purpose, lysates from COS-7 
expressing GFP-tagged Arf6 GEFs (Cytohesins 1-4, EFA6A, EFA6C and 
EFA6R) immunoprobed using the anti-EFA6R and anti-GFP antibodies 
(Figure 3.1D). This analysis confirmed previous findings (Kanamarlapudi 
2014a) that the EFA6R antibody only recognizes EFA6R whereas the 
expression of all of the GFP-tagged ARF GEFs confirmed by using an anti-
GFP antibody. Finally, we optimized the dilution of the EFA6R antibody 
required for IHC using ovarian tissue samples obtained from Singleton 
Hospital pathology department (data not shown). We then used a control 
TMA (Figure 3.1E) and showed that a dilution of 1:150 is optimal for staining 
the epithelial region of the ovarian sample core (indicated by the A arrow) 
and not the stromal region (indicated by the B arrow). 
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Figure 3.1 Validation of EFA6R primer by RT-qPCR and the characterisation 

of the EFA6R antibody for immunoblotting and immunohistochemistry. The 
EFA6R primers were validated for sensitivity and detection threshold by RT-
qPCR. (A) A schematic representation of the EFA6R and (B) the primer 
design sequences. (C) Using a starting concentration of 1ng/ml of plasmids 
GFP-hEFA6R with subsequent 8-fold serial dilutions and using a cDNA from 
an EFA6R-positive cell line, IOC, an 8-fold dilution was done and a graph was 
plotted with Log10 of the DNA concentration on one axis and threshold cycle 
(Cq) on the y-axis. The reaction efficiencies (E) calculated by 10-1/gradient and 
percentage efficiency derived through the equation %E = E-1 x 100. (D) COS7 
cells were transfected for 2 days with plasmids for expressing GFP-tagged 
Cytohesins 1-4, EFA6A, EFA6R and EFA6C the lysates of transfected COS7 
cells were separated by SDS-PAGE, transferred onto a PVDF membrane and 
probed with an anti-GFP or an anti-EFA6R antibody. (E) Following antigen 
retrieval with CC1 buffer, a small sample size TMA containing ovarian 
tissues was incubated with the EFA6R antibody (1:150 dilution) at 36°C for 
36 minutes. Epithelial staining (arrow A) of EFA6R and not the stromal 
(arrow B) was observed.  
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3.3.2. EFA6R mRNA expression is significantly reduced in Ovarian tumours. 
 

EFA6R  has already been identified as a putative TSG in ovarian cancer (Pils 
et al. 2005a) and glioblastoma (van den Boom et al. 2006). Hence, we initially 
investigated the expression of EFA6R (using RT-qPCR) in breast, prostate, 
kidney, colon, lung, thyroid, ovary and liver using the Origene TissueScan 
cancer survey I containing three healthy samples and nine tumour samples 
per tissue (Figure 3.2). Healthy expression of the tissues was then displayed 
in Figure 3.2A. Relative to healthy breast (shows lowest EFA6R mRNA 
expression), EFA6R mRNA expression is higher in prostate, kidney, colon 
thyroid and lung by less than 10-fold – which was statistically not significant. 
The highest expression was observed in Ovary (40-fold increase, *P <0.01) 
and liver (65-fold increase, **P <0.03). We then compared EFA6R mRNA 
expression in healthy versus cancer tissues (Figure 3.2B) and showed that 
EFA6R expression is 40-fold higher (**P <0.0091) in breast cancer tissues, 2-
fold higher in prostate and colon, 4-fold higher in kidney and thyroid, and 3-
fold higher in lung cancer tissues compared to their healthy tissue 
counterparts. Significant down regulation in EFA6R observed in ovary (7-
fold, *P <0.0242) and liver (8-fold, **P <0.0091). Overall these data warrant 
further analysis in breast cancer due to a significant increase in EFA6R 
expression and in ovarian and liver cancers, due to a significant 
downregulation.  
 
In order to further assess the significance in ERA6R mRNA differential 
expression in healthy and tumor tissues, we further separated the data into 
low stage (tumor stages I and II) and high stage tumours (III and IV) followed 
by further separation into individual stages (I-IV) of tumor progression. 
Generally, the higher the staging or grading that is often assigned to a solid 
tumor, the more advanced the disease is. In other words, the genetic and 
proteomic make-up of the tumor is vastly abnormal. We aimed to explore how 
varied EFA6R expression is in between cancer stages. In Breast cancer 
tissues (Figure 3.2C and 3.2D), we observed significant increase in EFA6R 
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expression between healthy and high-stage cancer (*P <0357) whereas no 
statistical significance was observed, when we further expanded the data to 
individual stages. These findings suggest that EFA6R is significantly 
upregulated in breast cancer tissues.  
 
Expression of EFA6R in prostate cancer appears to be slightly influenced by 
stage, with an increase in expression as the cancer develops to higher stages 
of malignancy (Figure 3.2E and 3.2F). However, this increase was not 
significant. Given the limited sample size, no general conclusions can be 
drawn about a relationship between EFA6R expression and prostate cancer 
stage.  
  
Similarly, we found no significant difference between EFA6R expression in 
kidney healthy and cancer tissues (Figure 3.2G and 3.2H). However, the 
presence of two outliers at 8 and 20-fold, at low stage cancer could suggest 
that that high expression of EFA6R may hold a selective advantage to low 
stage cancers but the low P-value (0.999) casts doubt on this.  
 
In colon cancer tissues there was no statistical significance when the samples 
were separated as LS and HS (figure 3.2I). The only stage IV cancer sample, 
happened to express EFA6R at very low, healthy levels. This contributed to 
the skewness of the data when stages III and IV were grouped together and 
contributed to the lack of statistical significance between healthy and ‘high 
stage’ groups.  The samples were broadened again into individual stages 
(Figure 3.2J). When we compared the expression in healthy tissues versus 
stage III cancer, we saw near significant P value of 0.0571, indicating that 
further validation with a larger data set may yield significant differences 
between healthy and high stage colon cancer.  
 
Thyroid cancer tissues expressed significantly higher levels of EFA6R 
compared to healthy tissue (Figure 3.2K). When comparing EFA6R mRNA at 
low stage versus high stage of thyroid cancer, a significance increase in 
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EFA6R expression was observed (*P <0.0159) and between healthy and high 
stage samples, a P value of near significance of 0.0571 was seen. When the 
data were split into individual stages (Figure 3.2L), there was no statistical 
significance. Although the P value of 0.2 between healthy and stage III or IV 
may suggest that a more statistical significance may be observed if a larger 
dataset used. Overall, this suggests that an increase in EFA6R expression 
may correlates with an increase in cancer stage, which needs to be further 
validated using a larger cohort of samples.  
 
In lung cancer tissues (Figure 3.2N and 3.2O), when the samples were divided 
into LS and HS cohorts, near significance was observed between healthy and 
low stage cancer (P <0.095). Although these changes were not significant 
these results require further validation in a larger dataset in order to assess 
whether EFA6R expression increase correlates with lung cancer progression.  
 
When ovarian cancer tissues were divided into LS and HS (Figure 3.2P), a 
significant decrease in EFA6R expression was observed between healthy and 
HS and between LS and HS (*P <0.0357). Accordingly, when these data were 
split into individual stage (Figure 3.2Q), EFA6R expression was observed to 
decrease with cancer stage progression. Overall, these data demonstrate the 
significant loss of EFA6R expression in high stage ovarian cancer. Based on 
these preliminary results, we have shown that this expression loss may be 
attributed to increase in cancer stage, providing a rational for analysing 
EFA6R expression in ovarian cancer using a larger sample size (see Figure 
3.3).  
 
EFA6R expression was down regulated in low stage of liver cancer (*P 
<0.0238), but did not appear to distinctly alter between low and high stage – 
even when the data was further expanded into cancer stages (Figure 3.2R and 
3.2S). Based on these results, it suggests that loss of EFA6R expression in 
liver cancer cannot be attributed to cancer stage. Overall, a larger sample size 
will show the expression pattern of EFA6R more distinctively.    
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Figure 3.2. Analysis of EFA6R mRNA expression in Cancer tissue cDNA 

array using RT-qPCR. (A) EFA6R expression in healthy tissues was 
calculated relative to the healthy breast tissues using the double delta Cq 
analysis method. (B) The expression of EFA6R in tumor tissues was then 
calculated, relative to their healthy tissue counterparts. These data were then 
separated according to low stage, LS, (I/II) and high stage, HS, (III/IV) groups 
(C, E, G, J, K, N, P and R). These data were then further separated into 
individual tumor stages (D, F, H, J, L, O, Q and S). Box plots show the median 
for healthy tissues (n=3) and tumor tissues (n=9). *P <0.05 denotes 
significance. Statistical analysis was performed using non-parametric 
Kruskal-Wallis test.  
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3.3.3. EFA6R expression loss in Ovarian Cancer correlates with EOC 
progression 
 

Following the preliminary data which suggested that EFA6R mRNA 
expression was specifically decreased in higher stages of ovarian cancer, we 
set out to replicate these findings using a large cohort of ovarian cancer tissue 
cDNA array. Furthermore, the large cohort allowed for further detailed 
analysis of EFA6R expression in different carcinoma subtypes. When 
compared, the expression of EFA6R in healthy ovarian tissue with that in 
ovarian cancer, there is an overall dramatic decrease in expression of 
approximately 10-fold (Figure 3.3A), and this was statistically highly 
significant (****P <0.0001). When we separated the tumor samples into their 
respective stages in Figure 3.3B, we observed a significant decrease of EFA6R 
expression (****P <0.0001). Given the highly heterogeneous nature of ovarian 
cancer and the general controversy associated with the origins, genetic and 
biochemical diversity of these subtypes (Bast, Hennessy, and Mills 2009), the 
results were compared by subtype of carcinoma: serous, clear cell, 
endometroid and mucinous to healthy (Figure 3.3C). Of these, only mucinous 
carcinoma of the ovary appeared to have no significant EFA6R expression 
decrease compared to healthy. However, when we further separated these 
subtypes into their respective stages (low stage, I/II, and high stage, III, IV), 
we noticed that EFA6R expression was significantly reduced in high stage 
mucinous carcinoma (**P > 0.0034) (Figure 3.3 D). In endometroid (Figure 
3.3 E) and clear cell (Figure 3.3 F) and Serous (Figure 3.3 G) subtypes, in both 
low and high stage samples, EFA6R expression was significantly decreased 
(****P <0.0001). In clear cell samples, further significance was noticed 
between low and high stage (**P <0.0095).  
 
The majority of EOC arise from the serous histology group and it is also the 
most lethal, accounting for 2/3 of all ovarian cancer deaths (Bowtell 2010). 
Given this fact and the availability of verifiable ovarian serous cell lines we 
turned our attention to a detailed analysis of the serous histology group. We 
separated the serous tumor samples into staging (Figure 3.3H) and saw a 
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significant decrease in EFA6R across all stages (****P <0.0001). We also 
observed significance (albeit to a lesser extent) between stage I versus stage 
II/III (***P <0.0016) and between stage I and IV (*P <0.011). These results 
matched our initial tentative assessment of EFA6R mRNA expression 
decrease in our cancer panel (see Figure 3.2P and 3.2Q).  
 
For the purpose of a more reliable comparison between our ovarian cancer 
tissue cDNA array data and the following TMA data (see Figure 3.2), we also 
separated the serous carcinomas into grades I-III (Figure 3.3F) and saw 
similar significant reduction of EFA6R expression at the protein level in 
grades II/III (****P <0.0001) compared to healthy. To a lesser but still highly 
significant extent, we also saw EFA6R protein expression decrease between 
healthy and grade I (**P <0.0038) and between grade I and II (**P <0.0004). 
Overall, the data suggest that EFA6R expression loss is observed in all EOC 
subtypes (to various significant degrees), and that EFA6R expression loss in 
serous subtype occurs at the early stage and grades of disease progression. 
Furthermore, this expression loss accelerates with increase in cancer stages 
and grades. 
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Figure 3.3. The significant reduction in EFA6R mRNA expression in Ovarian 

Cancer is confirmed by using a large cohort of samples. (A) Expression of 
EFA6R in Ovarian Cancer cDNA array was assessed by using RT-qPCR. (B) 
Data in figure 2A is separated into tumor stages and then (C) histology 
grouping (mucinous, endometroid, clear cell and serous). EFA6R expression 
in (D) Mucinous (E) Endometroid, (F) Clear cell and (G) serous subtypes were 
further separated into low stage (I/II) and high stage (III/IV). The serous 
samples were further separation into (H) individual staging and also (I) 
tumour grades I-III. Box blots show the median. P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001 denotes significance. Statistical analysis was performed 
using non-parametric Mann-Whitney test for figure 3.3A and Kruskal-Wallis 
test for figures 3.3B-I . 
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3.3.4 EFA6R expression loss in Tissue Microarray (TMA) of serous carcinoma 
subtype increases with increase in cancer grade 
 
TMAs allow for simultaneous analysis of EFA6R protein expression in a very 
large number of tissue specimens. In addition, they also provide experimental 
uniformity, where each tissue core is treated in the same manner. Therefore, 
we used a commercially available TMA containing tissue sample of ovarian 
serous carcinoma and healthy TMA containing 8 healthy and 54 single core 
cases of serous carcinoma for analysing EFA6R protein expression by using 
immunohistochemistry (Figure 3.4). 
 
Healthy ovarian epithelial tissues have an architecture that is composed of 
simple columnar epithelium that have not broken through the basement 
membrane and invaded the underlying stroma. The epithelial cells of healthy 
ovarian tissues showed positive staining of EFA6R. (Figure 3.4A). Based on 
our immunohistochemically scoring system of distribution and intensity 
(outlined in section 3.2 of methods and materials), we have shown that 
EFA6R expression is significantly reduced in ovarian cancer tissues (****P 
<0.0001) (Figure 3.4 B). EFA6R protein expression is visibly reduced as the 
epithelium loses its healthy architecture in Grade I and as the cells progress 
towards a more undifferentiated state (Grade II-III) (Figure 3.4A) where 
EFA6R expression is fully absent, indicating that EFA6R is downregulated 
during the course of tumor progression from healthy to potentially metastatic 
cancer. We sought to understand the correlation between EFA6R expression 
loss with increased tumor grade. We therefore separated the cancer specimens 
of the serous histology subtype based on their tumor grading and found 
significance in EFA6R expression decrease between healthy and Grade I (* P 
<0.458) and healthy versus Grade II-III (****P <0.0006). Here, we showed that 
EFA6R is downregulated during ovarian cancer progression and is 
potentially an early indicator of metastatic serous ovarian cancer.   
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Figure 3.4. EFA6R protein expression is downregulated in TMAs containing 

serous ovarian cancer cores (A) Immunostaining was performed in a 
benchmark Ultra IHC staining module with anti-EFA6R antibody (see 
methods). The cores are displayed with x10 magnification and the insets were 
enlarged to x40 magnification. (B) Pooled EFA6R expression score between 
healthy and cancer specimens. (C) The cancer specimens were then separated 
into grades. Each core was scored based on the total sum of distribution of 
epithelial cells stained (score of 0 to +5) and the intensity of the staining 
(0=none, +1 = weak, +2 = moderate and 3+ = strong). Box blots show the 
median.*P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001 denotes 
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significance. Statistical analysis was performed using non-parametric Mann-
Whitney test for figure 3.4A and Kruskal-Wallis test for figures 3.4B. 
 

3.3.5. EFA6R protein expression is significantly reduced cancer serous 

carcinoma tissue lysates.  

 

In order to asses EFA6R protein expression in tissue lysates, we obtained an 
INSTA-Blot Ovary Tissue OncoPair (Novus Biologicals, Cat. No.: NBP2-
30124) in which samples are laid out in pairs of Serous (S) and healthy (H) 
tissue lysates from the same patients (Figure 3.5A). There are seven pairs of 
samples, representing seven different patients. By using immunoblotting, we 
showed that EFA6R protein expression is significantly downregulated in 6 
out of 7 OncoPair lysates. The anomaly with sample 2 skewed the data when 
the densitometry values of all OncoPairs were combined. However, we still 
saw overall reduction of EFA6R in pooled tissue lysates (*P <0.0169) (Figure 
3.5B). These findings complement our previous findings that EFA6R 
expression is significantly downregulated in ovarian cancer tissues  
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Figure 3.5. EFA6R protein expression is reduced in 6/7 ovarian cancer tissue 

lysates, compared to healthy. (A) The OncoPair INSTA-Blot is a ready to use 
PVDF membrane containing denatured protein (~14µg/lane) lysates from 
serous carcinoma and matched non-tumor adjacent tissues obtained from 
seven patient donors, which was probed with the anti-EFA6R antibody. (B) 
Densitometry analysis of the blot in ‘A’. Box blot shows the median. P <0.05 
denotes significance. Statistical analysis was performed using non-
parametric Mann-Whitney. 
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3.3.6. EFA6R is downregulated at mRNA and protein levels in a panel of 
ovarian cancer cell lines 
 
In order to study the functional relevance of EFA6R, the best representative 
model that resembles its tumor of origin are primary tissues. However, one 
key limitation in using primary tissues is the difficulty in conducting 
molecular studies. As a substitute, we have used cell lines that resemble the 
genomic and phenotypic markers of the original tumor. In addition, we also 
took into consideration the functional utility in conducting in vitro studies. 
Over the past few decades numerous ovarian cancer cell lines have been 
utilized in research, however only recently have researchers thoroughly 
characterized and identified ovarian cancer cell lines that reflect the tumor 
of origin (Domcke et al. 2013, Coscia et al. 2016). As such we gathered 10 
ovarian cell lines that not only have the highest genetic and phenotypic 
similarity to the tumor of origin but also match in their EFA6R expression 
levels (Figure 3.6). 7/10 cell lines OVSAHO (HGSC), COV318 (HGSC) 
OVCAR8 (LGSC), IGROV-1 (Mixed), SKOV-3 (LGSC) and TOV21G (HG 
Clear cell carcinoma) exhibited dramatic and varied reduction of EFA6R 
expression at both mRNA (figure 3.6A) and protein levels (Figure 3.6C and 
3.6D). Three cell lines CAOV3 (HGSC), OVCAR3 (HGSC) and COV504 
(LHSOC) were identified as EFA6R-positive cell lines, respectively. Overall, 
when EFA6R mRNA (***P <0.0003) and protein (****P <0.0001) samples were 
pooled together (Figure 3.6B and 3.6E), we observed reduction of EFA6R 
expression similar to the ovarian cancer tissue we observed previously. In 
chapter 4, we used a series of EFA6R-positive and EFA6R-negative cell lines 
to study epigenetic mechanism involved in EFA6R gene silencing and its 
phenotypic functional relevance. 
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Figure 3.6. EFA6R mRNA and protein analysis in various ovarian cancer cell 

lines. RNA and protein were isolated at the same time from each cell line 
using TRI-reagent. RNA was reverse transcribed into cDNA. A) RT-qPCR was 
performed using EFA6R primer with ß-actin as housekeeping gene to which 
Cq values were normalized and (B) the overall pooled healthy and cancer 
samples are displayed. (C) The protein lysates were separated by SDS-PAGE, 
transferred onto a PVDF membrane and probed with an anti-EFA6R and an 
anti-ß actin (loading control) antibodies (D) A densitometry analysis was 
conducted and (E) the overall pooled healthy and cancer samples displayed. 
Box blot shows the median. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001 
denotes significance. Statistical analysis was performed using non-
parametric Mann-Whitney.  
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3.7. EFA6R is upregulated in breast cancer tissue and cell lines  
 
Preliminary analysis of EFA6R protein expression in breast cancer tissue 
(Figure 3.7A) and mRNA (Figure 3.7B) and protein expression (Figure 3.7C) 
in cell lines correlate with previous findings that EFA6R is significantly 
overexpressed in this cancer (~10-fold increase).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Analysis of EFA6R expression in breast cancer tissues and cell 

lines (A) Preliminary analysis of EFA6R staining in breast cancer tissues 
(n=1) (B) RNA and protein were isolated at the same time from each cell line 
using TRI-reagent. RNA was reverse transcribed into cDNA. (A) RT-qPCR 
was performed using EFA6R primer with ß-actin as housekeeping gene to 
which Cq values were normalized and (C) the protein lysates were separated 
by SDS-PAGE, transferred onto a PVDF membrane and probed with an anti-
EFA6R and anti-ß actin (loading control) antibodies. 
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3.4. Discussion 
 
In humans, EFA6R was original identified as HCA67 (that encodes a protein 
of 534 amino acid residues) where it was shown to be expressed in healthy 
tissues of brain, heart, kidney, liver, lung, pancreases, placenta, prostate, 
spleen and testis (Wang et al. 2002). In addition to liver cancer, it was shown 
to be expressed in the colon cancer cell line Caco2 (Wang et al., 2002). 
Similarly, we have shown that EFA6R expression is elevated in colon cancer 
tissues however due to a limited sample size and the variability that 
inherently exist in cancer tissues, we could not find statistical significance in 
these values. Breast and Thyroid tissues showed significant increases in 
EFA6R expression compared to healthy tissues. From our preliminary 
analysis, we have indeed observed EFA6R mRNA and protein expression 
increase in breast cancer cell lines MCF-7 and an approximately 10-fold 
increase in the highly invasive MDA-MB-231 as well as indications of positive 
staining in breast cancer tissues. These results warrant further analysis of 
EFA6R expression in breast cancer tissues and cells as preliminary data 
suggests a potential oncogenic role. 
 
We also showed that EFA6R expression is reduced significantly in ovarian 
and in liver cancer tissues. However, our results showed that there was no 
significant difference in EFA6R expression in kidney cancer tissues when 
compared to that in corresponding healthy tissues. Finally, in prostate cancer 
tissues, although the increase in EFA6R expression in tumor samples was 
found to be statistically insignificant, we have observed a significant increase 
in EFA6R expression in prostate cancer cell line DU145, compared to the 
healthy prostate PNT2 cell line (data not shown). Overall, utilization of the 
cancer tissue array, allowed us to look at potential significant changes in 
EFA6R expression in various cancers. However, a more conclusive 
observation can be drawn by using a cancer-specific tissue array that contains 
a significant larger sample size. Due to the inherent molecular variability of 
tissues, only a larger sample size can reduce the power of anomalies in both 
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biological and statistical observations. 
 
Therefore, we analysed EFA6R expression levels in ovarian cancer tissue 
array and showed that its expression is significantly reduced in ovarian 
tumor samples as tumor progresses from stage I to IV. Further analysis into 
ovarian carcinoma subtypes revealed that the significant reduction of EFA6R 
expression in our tissue array was due to all EOC histotype. Furthermore, 
these data suggest that this downregulation occurs prior to the advancement 
of EOC, suggesting that EFA6R expression decrease can  be a used as an 
universal early indicator and biomarker for all EOCs. It is worth noting that 
in our analysis of borderline tumours and also mixed types, we observed 
similar pattern of downregulation (data not shown). However,  it in the case 
of mucinous carcinoma samples we did not observed significant early 
downregulation of EFA6R. This is most likely due to a small sample size, but 
we do not rule out a biological reason for this observation. Interestingly, we 
have observed (data not shown) that EFA6R is highly expressed in COV644 
cell line (which is of mucinous histology), Previous studies have shown that 
serous and mucinous carcinomas differed with respect to the frequency and 
pattern of LOH at 8p. Indeed, allelic analysis of 8p21-p23 have shown that 
67% serous carcinoma samples display LOH whereas only 21% of mucinous 
carcinomas showed allelic loss (Lassus et al. 2001).  
 
Mucinous cancers are rare and at high grade more deadly than others, with 
a lower median survival time than serous carcinoma and more chance of 
cancer progression (Frumovitz et al. 2010), often because what appears to be 
a primary lesion is a metastatic lesion derived from the gut or pancreas 
(Frumovitz et al. 2010). This may be because they often express mutant 
KRAS (Ryland, Hunter, Doyle, Caramia, Li, Rowley, Christie, Allan, 
Stephens, Bowtell, Australian Ovarian Cancer Study, et al. 2015) and have 
high Src (Matsuo et al. 2011) and nuclear pERK1/2 activity (Amsterdam et 
al., 2010).  Another trait of this carcinoma subtype is its resistance to 
platinum chemotherapy such as carboplatin and oxaloplatin (Matsuo et al. 
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2011, Frumovitz et al. 2010). In the case of oxaloplatin it has been revealed 
to activate Src (Matsuo et al. 2011) and the effect of this could therefore 
promote cancer progression (Kim, Song, and Haura 2009).  
 
As the most aggressive sub-type, HGSC, accounts for 90% of serous 
carcinomas and two-thirds of all ovarian cancer deaths, making it by far the 
most extensively studied ovarian carcinoma (Bowtell 2010). Owing to this 
fact, we sought to understand the pattern of EFA6R downregulation in serous 
histology by tumor stage and grade. We saw a significant reduction of EFA6R 
from healthy to low stage (I/II) and grade I and a dramatic reduction at high 
stage (III/IV) and grade (II/III). This potentially indicates that during the 
multi-step complex process of tumor initiation and progression, EFA6R 
downregulation plays a major role in at the advent of tumor progression. 
 
We further aimed to substantiate these findings by analysing EFA6R protein 
expression in TMAs that contained serous carcinomas of grades I-III. During 
tumor progressing, we observed cytological such as variability in nuclear size 
and shape, increased nuclear staining of cells by dyes, increased ratio of 
nuclear versus cytoplasmic size and increased mitotic activity (indicating 
extensive cell proliferation). We showed that EFA6R expression loss 
correlates with increase in cancer grade. Here, EFA6R staining was prevalent 
in healthy tissues, but significantly reduced in grade I tissues. EFA6R 
staining was no longer visible in tumours of grade II/III, adding further 
evidence that EFA6R expression is reduced in early stages of serous ovarian 
cancer. Furthermore, we analysed EFA6R expression in tissue lysates; 6/7 
serous carcinoma showed reduced expression at the protein level. Similarly, 
the majority of our ovarian cancer cell lines were identified as EFA6R-
negative cell lines (COV381, OVSAHO, SKOV-3, TOV21G, IGROV-1 and 
OVCAR8) whereas CaOV3, OVCAR3 and COV504 were shown to be EFA6R 
positive. Interestingly, we observe different levels of residual EFA6R 
expression at mRNA and protein level in SKOV-3 and OVSAHO. This may 
suggest haploinsufficiency in ovarian cancer, whereby EFA6R is produced but 
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at insufficient levels to maintain a wild type phenotype. However, further 
analysis into the mechanisms that maintain EFA6R downregulation (such 
DNA methylation) may shed light on the extent to which EFA6R is 
downregulated in different cell lines. Overall, although it is important to 
choose cell lines that resemble the tumor phenotype, it is also worth 
considering their functionality during in vitro studies. Based on this, future 
studies should utilize both EFA6R negative cell lines to observe any positive 
effects as a result of EFA6R upregulation. At the same time, siRNA 
knockdown of EFA6R in EFA6R-positive cell lines may shed light on the 
consequences of EFA6R downregulation.  
 
Collectively, our results indicate that the dramatic reduction of EFA6R 
expression during the initial phases of ovarian cancer may contributes to 
ovarian cancer progression. As high stage and grade is a measure of 
invasiveness and progression of cancer, it can be loosely considered as 
prognostic indicator for ovarian cancer, which makes our data consistent with 
the (Pils et al. 2005a) study, which showed that patients with ovarian cancers 
with decreased expression of EFA6R had a worse prognosis.  
 
The functional relevance of EFA6R downregulation (with particular focus on 
serous carcinomas) is explored in the following chapter. Although a functional 
role for Arf6 activation by EFA6R has yet to be elucidated, the homology 
between EFA6R and other Arf6 GEF suggests that EFA6R may have an Arf6-
dependent and independent role in ovarian cancer. In breast cancer cells, 
GEP100/BRAG2 – a Arf6-specific GEF, is overexpressed and plays a 
significant role in EGF-induced breast cancer cell invasion (Morishige et al. 
2008). In contrast, EFA6B has been shown to play a possible role as a tumor 
suppressor in breast cancer cells (Zangari et al. 2014). Therefore, EFA6R 
expression and functional role in different cancer types and sub-types is likely 
to be varied. In summary, EFA6R appears as a potential tumor antagonist in 
a subset of ovarian cancers, whose downregulation may trigger progression 
towards EMT transition and metastasis.   
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Chapter 4: Functional analysis of 
EFA6R downregulation in 

Epithelial Ovarian Cancer (EOC) 
cell lines 

4.1 Introduction 
 
Metastasis (migration and invasion) of cancer cells, as well as their acquired 
resistance to drug treatment are the major causes of cancer-associated deaths 
(Lambert, Pattabiraman, and Weinberg 2017). Out of all Epithelial Ovarian 
Cancer (EOC) sub-types, HGSC, accounts for two-thirds of all ovarian cancer 
deaths, making it the most extensively studied EOC (Bowtell 2010, 
Gershenson et al. 2006). The majority of HGSC are now considered to 
originate from the fallopian epithelial (rather than originating from the 
ovarian epithelial) and subsequently metastasize onto the ovaries. Our 
understanding of the impact of metastatic suppressors in ovarian cancer is 
currently limited, therefore identification of novel metastatic suppressors can 
potentially serve as a prognostic, marker, therapeutic target and predictor for 
treatment response. EFA6R expression loss in Epithelial Ovarian Cancer 
(EOC) linked to a decrease in patient survival (Pils et al. 2005a). 
 
EFA6R is a member of the EFA6 family of Arf6-specific guanine exchange 
factors (GEF). Arf6 small GTPase, which mainly mediates membrane 
trafficking and cytoskeleton reorganization at the plasma membrane, by 
cycling between an active GTP-bound and an inactive GDP-bound forms 
(Donaldson 2003).  Arf6 is activated by GEFs whereas inactivated by GTPase 
activating proteins (GAPs). When it is activated, Arf6 regulates cellular 
functions by binding to down-stream effectors such as GGA3 (Dell'Angelica et 
al. 2000c). Arf6 and its down-stream effectors are not only over-expressed in 
many cancers but also promote cancer invasion, metastasis and drug 
resistance (Yamauchi, Miura, and Kanaho 2017). In addition to its role in 
ovarian cancer, EFA6R expression shown to be altered in several other 
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cancers (see results chapter 3). Another member of the EFA6 family, EFA6B 
(through Arf6 activation), has also recently been shown to be antagonize 
breast cancer cells by promoting tight junction proteins claudin-2 and 
occludin as well as blocking the transformer growth factor-beta (TGF-ß) 
pathway – shown to be an early inducer of disassembly of tight junction 
proteins and the epithelial mesenchymal transition (EMT) (Zangari et al. 
2014). Other GEFs, such as GEP100/BRAG2 has been shown to be 
indispensable to Arf6-mediated invadopodia in breast cancer cell lines 
(Morishige et al. 2008). These studies highlight the involvement of Arf6 GEFs 
in the Arf6 activation and subsequent regulation of cancer phenotypes.   
 
In EOC, a role for EFA6R has yet to be identified. EFA6R levels are either 
low or lost in ovarian cancer tissues and cells (unpublished data; see chapter 
3) and its downregulation has been previously been shown to have an drastic 
impact on patient survival (Pils et al. 2005a).  Another mechanism of aberrant 
gene loss in EOC is interconnected with epigenetic alterations where DNA 
hypermethylation by DNA methyltransferases (DNMTs) and histone 
deacetylation by histone deacetylases (HDACs)  - within or upstream of 
promoter regions of Tumor Suppressor Genes (TSGs) have been shown to lead 
to undesirable gene silencing (Baylin and Ohm 2006). Early gene-silencing 
events (pre-invasive stages of cancer progression) might be crucial in 
predisposing cells to accumulate certain oncogenic pathways that drive 
tumor progression. As such epigenetic inhibitors have been utilized to 
revive the expression of many TSGs and subsequently reverse adverse 
phenotypes (Bohl, Bullinger, and Rucker 2018). One such inhibitor is 5-Aza-
2′-deoxycytidine (5-Aza-CdR, Decitabine): a cytidine nucleoside analogue, in 
which the carbon in the 5-position of the cytodine is replaced by nitrogen. 5-
Aza-CdR has FDA approval for the treatment of myelodysplastic syndromes 
(Saba 2007).  
 
Numerous in vitro studies have demonstrated the potent anti-cancer use of 
5-Aza-CdR as a unique demethylating agent to reactivate tumor suppressor 
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genes in many different cancer types (Merlo et al. 1995, Gonzalez-Zulueta et 
al. 1995, Schnekenburger et al. 2011, Mirza et al. 2010, Gailhouste et al. 
2018). The methylation of DNA occurs at the 5-position of the cytosine ring 
within cytosine-phosphate guanine (CpG) dinucleotide by a transfer of a 
methyl group from S-Adenylyl-L-methionine. DNMTs catalyse this reaction. 
To inactivate transcription, methylation usually occurs in the CpG islands in 
the promoter-exon regions of target genes. Following uptake of 5-Aza-CdR, it 
is phosphorylated and incorporated into DNA by DNA polymerase. The 
formation of a covalent complex between 5-Aza-CdR-DNA and DNMT1 at 
CpG methylation sites, results in the inactivation of this enzyme 
(Juttermann, Li, and Jaenisch 1994). DNMT1 inhibition results in global 
DNA hypomethylation, gene activation and induction of cellular 
differentiation, senescence and/or apoptosis (Schnekenburger et al. 2011).  
 
It has been  estimated that the transcription of 10% of genes are regulated 
globally by HDAC (Baylin and Ohm 2006). In humans, there are 18 known 
HDACs that are categorized into four classes, I-IV. HDAC inhibitors (HDACi) 
are well known as potential anti-cancer agents since they prevent gene 
silencing by inhibiting the HDACs ability to remove acetyl groups from the 
lysine residues of histones in the nucleosome (Seto and Yoshida 2014, Bolden, 
Peart, and Johnstone 2006). The HDACi are categorized into four groups 
based on their chemical structures: group A are hydroxamic acids, group B 
are short-chain fatty acids, group C are benzamides and group D are cyclic 
peptides. The pharmaceutical HDACi Trichostatin A (TSA) and 
suberanilohydroxamic acid (SAHA, also known as Vorinostat) are from group 
A of HDACi. They block HDAC enzyme activities of classes I, II and IV 
thereby upregulate the expression of a significant majority of genes that are 
regulated by HDACs (Seto and Yoshida 2014). SAHA has FDA approval for 
the treatment of advanced primary cutaneous T cell lymphoma (Mann et al. 
2007) while its sole use and in combination with other drugs are under clinical 
investigations for the treatment of other cancer types; phase 3 trials have 
been completed for the treatment of advanced malignant pleural 
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mesothelioma, acute myeloid leukemia and brain stem glioma 
(https://clinicaltrials.gov).  
 
In this study, we performed a gain of function study by using 5-Aza-CdR and 
SAHA, to revive EFA6R expression in OVSAHO andSKOV-3 cell lines, 
confirming that EFA6R is epigenetically suppressed in SOC. We also 
demonstrated that the presence of EFA6R antagonizes cell migration and 
invasion. To prove that these phenotypes are solely associated with EFA6R 
upregulation and not any other re-expressed protein, we used siRNA to 
knockdown EFA6R and demonstrated that in the absence of EFA6R, SKOV-
3 cells regain their aggressive metastatic capacity. Finally, in an attempt to 
delineate the signalling pathways of EFA6R-mediated attenuation of 
metastasis, we showed that EFA6R may utilize an Arf6-independent pathway 
to control cellular phenotype.  
 
4.2 Materials and Methods 
 
All chemicals and consumables used were obtained from Sigma (Dorset, UK) 
unless otherwise stated. Cell culture plates were obtained from Greiner-Bio 
One (Gloucestershire, UK).   
 

4.2.1 Ovarian healthy and cancer cell lines 
 
Information on the cell lines used in this chapter can be found in section 3.2.1.  
 

4.2.2 Cell viability assay (Kit-8) 
 
The cell viability of ovarian cell lines as a result of treatment 5-Aza, SAHA 
and NAV-2729 were determined by using the Kit-8 cell viability assay, 
according to protocol in section 2.2.8.  

 
4.2.3 Methods of drug treatments with 5-Aza-CdR, SAHA, and NAV-2729 
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Drug treatments in epigenetic studies and Arf6-inhibition studies were done 
according to protocol in section 2.2.10.   
 

4.2.4 Small interfering RNA (siRNA) transfection 
 
siRNA transfection was carried out according to protocol in section 2.2.6. 
 
 
4.2.5 Cell migration and invasion assays 
 
Cell migration and invasion was carried out according to protocol in section 
2.2.11. 
 

4.2.6 Immunoblotting 
 
Immunoblotting was carried out according to protocol in section 2.2.14.2, 
primary antibody (anti-EFA6R rabbit polyclonal 1/500 dilution, anti-Arf6 
mouse monoclonal 1/200, anti-ARF1 rabbit monoclonal 1/3000 or anti- β-actin 
mouse monoclonal at 1/10,000 dilution) diluted in blocking buffer. Followed 
by this, the blot was incubated with horseradish peroxidase (HPR)-
conjugated secondary antibody (GE Healthcare, USA) diluted in blocking 
buffer (anti-rabbit or anti-mouse 1/2500 dilution). 
 

4.2.7 GST-tagged protein expression, purification and immobilisation  
 
 
This was carried out as described with few modifications (Venkateswarlu 
2005). GST-tagged protein expression: A single colony or a loop-full of glycerol 
stock of E.coli strain BL21(DE3) cells harbouring hGGA3 VHS-GAT/pGEX 
plasmid (was inoculated into 5ml of LB containing 100 µg/ml ampicillin and 

cultured over-night (~15 hours) by incubating at 37°C/200 rpm. The overnight 

grown culture was diluted by 1:100 into fresh LB (100 µg/ml ampicillin) and 

grew at 37°C/200 rpm until the A600 had reached to 0.5-1.0 (~3hours). 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) induction was carried out 
using 0.5mM IPTG for an additional 3 hours of incubation at 37°C/200 rpm. 
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The culture was centrifuged at 7,700 x g for 10 min at 4OC to sediment the 
cells. The cell pellet from 1L culture was re-suspended in 25 ml of PBS (ice 
cold) and lysed by sonication using the following parameters: 80% of max 
power of the sonicator for 4x 30 sec. Following the addition of 1% Triton-X-
100, the cell lysate was mixed gently for 30 min to aid in solubilisation of the 
membrane proteins and then the lysate was centrifuged at 12,000 x g for 15 
min to remove insoluble cell debris as the pellet.  
 
Purification and immobilization of the GST-fused protein to glutathione 
magnetic agarose beads: The magnetic Glutathione beads (Promega; 25% 
slurry) were vortexed to resuspend the matrix. The beads were sedimented 
by placing the matrix in a magnetic stand for 1 min. They were then washed 
by adding 50 ml of PBS (ice cold), inverted to mix and the matrix sedimented 
again. For each 2 ml of the original slurry of magnetic glutathione beads 
dispended, 1 ml of PBS was added and inverted to mix – resulting in 50% 
slurry. To 25 ml of the overnight culture, 1 ml of 50% slurry of magnetic 
glutathione beads was added and incubated (with gentle agitation) overnight 
at 4OC. The matrix was sedimented by placing the tube in a magnetic stand 
for 1 min at 4OC. The matrix was washed 4x 10 ml with PBS. 25% slurry in 
50% glycerol was made by adding 0.75 ml of PBS and 0.75 ml of cold glycerol 
and the beads stored at -20oC. The purity and the amount of the fusion protein 
immobilised to glutathione beads were analysed using coomassie blue stained 
SDS-PAGE gel and BSA as the protein standard.  

 
4.2.8 GST-GGA3 VHS-GAT pull down assay 
 
Arf6 activation was analysed using the GST-GGA3 VHS-GAT (GST-effector) 
pulldown assay (Kanamarlapudi 2014a). Following the combinational 
treatment of siRNA and 5-Aza-Cdr (see above), the cells were serum starved 
for 2 hours and lysed in ice-cold modified pulldown-lysis buffer (25mM Tris 
pH 7.2, 150mM NaCl, 5mM MgCl2, 1% NP-40/ IGEPAL®CA-630, 5% glycerol) 
containing 1% mammalian protease inhibitor cocktail (Sigma). 90% of the 
lysates were incubated with 10µl of 25% of GST-effector coupled to magnetic 
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agarose beads, which were prepared as described above, for 2 hrs at 4˚C. The 
beads were then washed 3 times with 1 ml of lysis buffer and resuspended in 
lysis buffer (1/10th of buffer used for lysing cells). The remaining lysates not 
incubated with the beads were used as analyse to total Arf6. The lysates along 
with pulldown beads were boiled by mixing with 25% of 5x sample buffer for 
5 min at 100°C. Arf6 expression and activation was assessed by 
immunoblotting (using an anti-Arf6). Arf6-GTP expression levels were 
normalized to total Arf6.  
 

4.2.9 Statistical Analysis  
 

Data was analysed using the Graph prism program (version 7). Error bars 
show the median with 95% confidence interval of three or more independent 
experiments, unless stated otherwise. The non-parametric Kruskal-Wallis 
statistical test was used to calculate statistical significance for the data. A 
value of P >0.05 was considered not significant (ns) whereas * P <0.05, **P 
<0.01, ***P <0.001 and ****P <0.0001, were used as the limit of significance.  
 
4.3 Results 
 
4.3.1 Ovarian cell lines have different sensitivity to 5-Aza-CdR and SAHA 
 
In vitro and in vivo antitumor activities of both 5-Aza-CdR and SAHA have 
been documented previously (Karahoca and Momparler 2013, Richon 2006). 
Although the administration of both drugs generally tends to lead to 
reactivation of tumor suppressor genes involved in malignancies, their form 
of action significantly differs. 5-Aza-CdR is incorporated into DNA where it 
inhibits the activity of DNMT1, hence preventing the methylation of DNA, 
whereas SAHA inhibits HDAC (of which there are four classes) activity by 
binding to the active site of the class I, II and IV HDACs.  
 
Ovarian cell lines were initially assessed for their sensitivity to epigenetic 
drugs 5-Aza-CdR and SAHA. Following four days of incubation with various 
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concentrations of the epigenetic drugs – during which fresh drugs were added 
on the third day, given the half-life of the drugs. All cell lines showed 
differential sensitivity to both drugs (Figure 4.1), but significant reduction of 
cell viability (to various degrees) was observed only with the administration 
of 10µM SAHA for all cell lines (Figures 4.1 A-C). No significant reduction of 
viability was observed with the administration of the maximal concentration 
of 10µM 5-Aza-CdR. These data demonstrate that the optimal concentration 
of epigenetic drugs –(10µM 5-Aza-CdR and 1µM SAHA) used in the analysis 
were not toxic to the cell lines tested. Therefore, for all subsequent studies, 
these concentrations were used.  
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Figure 4.1. Dose-dependent effect of epigenetic drugs on cell viability of (A) 

OVSAHO, (B) SKOV-3 and (C) IOC cells. Cells were seeded at a density 2500 
cells/well (for SKOV-3 and IOC cell lines) or 5000 cells/well (for OVSAHO cell 
lines) in a 96-well plate and next day treated with different concentrations of 
5-Aza-CdR and SAHA and DMSO (control) for four days. Errors bars 
represent the mean +/- s.e.m, n=3 (***P <0.01, **P <0.05). Statistical analysis 
was performed using the non-parametric Kruskal-Wallis statistical test.  
 

4.3.2 EFA6R expression is epigenetically suppressed in serous cell lines and 
other EOC histologies 
 
To determine whether EFA6R expression is epigenetically suppressed in 
ovarian cancer, OVSAHO and SKOV-3 and healthy ovarian cell line, IOC, 
treated with either 10µM 5-Aza-CdR or 1µM SAHA for 4 days were analysed 
for the EFA6R protein expression by immunoblotting (Figure 4.2). We 
demonstrated that inhibition of class I and II HDACs (by using SAHA) 
restored EFA6R expression only in the OVSAHO cells (***P <0.006) but not 
in SKOV-3 cells (Figures 4.2 A and B). This expression increases in OVSAHO 
cells reached near normal levels, like in IOC cells (Figure 4.2E). The use of 5-
Aza-CdR, however, resulted in significant increase in EFA6R expression in 
both OVSAHO and SKOV-3 cells (****P <0.0001), which showed EFA6R 
expression levels similar to that seen in IOC cells (Figure 4.2D). Neither of 
these inhibitors affected EFA6R expression in non-tumour IOC cells where 
basal EFA6R expression is already normally high. As EFA6R expression 
levels were restored in OVSAHO and SKOV-3 cells to the levels seen in 
healthy ovarian cells by using the optical concentration of SAHA and 5-Aza-
CdR, we didn’t try SAHA and 5-Aza-CdR combinatorial treatment. Overall, 
these data suggest that EFA6R expression is suppressed through 
hypermethylation and histone deacetylation of EFA6R promoter region in 
SOC. Furthermore, these epigenetic modifications can be reversed to bring 
EFA6R expression to normal basal levels by 5-Aza-CdR (in OVSAHO and 
SKOV-3 cells) or SAHA (in OVSAHO cells only) treatment. Henceforth, we 
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have used SKOV-3 cells to functionally assess the role of EFA6R in SOC due 
to its mesenchymal nature.  
 
Data from the other showed EOC histology cell lines, have shown that the use 
of 5-Aza-Cdr also revived EFA6R expression in TOV21G (clear cell) and 
IGROV-1 (unknown/mixed histology) suggesting that epigenetic mechanism 
also govern EFA6R expression in other EOC histologies (Figure 4.2.1). 
Interestingly, we did not see revival of EFA6R expression in OVCAR8 (an 
unknown grade of serous histology) through either DNA methylation or 
histone deacetylation. Although, we have not yet established the reasons 
behind this due to time constrains, it would be interesting to explore the use 
of other epigenetic modifying drugs as well as looking at other mechanisms 
of gene regulation in altering EFA6R expression in this cell line.  
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Figure 4.2. EFA6R expression is epigenetically suppressed in serous ovarian 

cell lines. (A) OVSAHO, (B) SKOV-3 and (C) healthy IOC cells were treated 
with DMSO (0.1%) and either DNA methylation inhibitor (10µM 5-Aza-CdR) 
or HDAC inhibitor (1µM SAHA) for 4 days. Fresh medium and drugs were 
added on the day 3. The cells were then lysed and the lysates were separated 
by SDS-PAGE, transferred onto a PVDF membrane and probed with an anti-
EFA6R and anti- ß actin (loading control). A densitometry analysis was 
conducted (adjacent to the western blot figures). Epigenetic-mediated revival 
of EFA6R expression in ovarian cancer cell lines was compared to endogenous 
EFA6R levels in the healthy ovarian cell line IOC cell line (5-Aza-CdR [D] 
and SAHA [E]). Errors bars represent the mean +/- s.e.m, n=3, ***P <0.01, 
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**P <0.05. Statistical analysis was performed using the non-parametric 
Mann-Whitney statistical test. 

Figure 4.2.1 EFA6R expression is epigenetically suppressed in TOV21G 

(clear cell carcinoma) and IGROVA (mixed – unknown carcinoma), but not 

OVCAR8 (Borderline HGSC). (A) TOV21G, (B) IGROV-1 and (C) OVCAR 
were treated with DMSO (0.1%) and either DNA methylation inhibitor (10µM 
5-Aza-CdR) or HDAC inhibitor (1µM SAHA) for 4 days. Fresh medium and 
drugs were added on the day 3. The cells were then lysed and the lysates were 
separated by SDS-PAGE, transferred onto a PVDF membrane and probed 
with an anti-EFA6R and anti- ß actin (loading control). A densitometry 
analysis was conducted (adjacent to the western blot figures). Epigenetic-
mediated revival of EFA6R expression in ovarian cancer cell lines was 
compared to endogenous EFA6R levels in the healthy ovarian cell line IOC 
cell line (5-Aza-CdR [D] and SAHA [E]). Error bars show the median with 
95% confidence interval, n=3, ***P <0.01, **P <0.05. Statistical analysis was 
performed using the non-parametric Kruskal-Wallis statistical test.  
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4.3.3 Optimization of siRNA-mediated knockdown of EFA6R expression in 
HEK293 cells and 5-Aza-CdR treated SKOV-3 cells  
 
In order to address the phenotypic role of EFA6R in tumor cell behaviour, 
functional consequences of inhibition and activation of EFA6R is useful. The 
advantage of loss of function studies - through the use of small interfering 
RNA (siRNA) - is the direct translation of the results into phenotype. In other 
words, any change in cellular behaviour can be attributed to the siRNA-
mediated knockdown of the target gene. As such, to achieve maximum 
effectiveness of exogenously introduced siRNA, transfection optimization 
experiments are essential. In addition to the health of cultured cells and 
quality/quantity of siRNA, transfection methods and conditions are critical 
factors. Therefore, we used various lipid-based formulations to introduce 
EFA6R siRNA in SKOV-3 cells using the forward transfection method -where 
cells are pre-plated, allowed to attach, recover and potentially grow for 24 
hours prior to transfection. Initially, we validated siEFA6R1 and siEFA6R2 
for their ability to knockdown EFA6R expression by co-transfecting GFP-
EFA6R and either of the siRNA in HEK293 cells and analysing EFA6R 
expression by immunoblotting (Figure 4.3A). Both siEFA6R1 and siEFA6R 2 
effectively knocked down exogenously introduced GFP-EFA6R, confirming 
previous findings into the effectiveness of these siRNAs (Kanamarlapudi 
2014a). Next we introduced siEFA6R1, siEFA6R2 or siControl into 5-Aza-
CdR treated SKOV-3 cells using JetPrime, INTERFERIn or Lipofectamin 
RNAiMAX and assessed their ability to knockdown of EFA6R expression 
(Figure 4.3B). None of the chemical transfection reagents were effective in 
significantly knockdown of EFA6R expression in SKOV-3 cells. We then used 
a mechanical transfection (using the Neon system) protocol that is based on 
the reverse transfection method - where it involves the simultaneously 
transfection of suspension cells and plating of the cells – for knockdown of 
EFA6R expression in 5-Aza-CdR treated SKOV-3 cells.  The effective 
knockdown (10-20 fold) of EFA6R expression can be achieved by this method 
using either siEFA6R1 or siEFA6R2 (Figure 4.3B). The Neon system employs 
specialized consumable pipette tips (10µl and 100µl) containing gold-plated 
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electrodes as electroporation chamber. We hence attempted to optimize the 
usage of the different sized tips for transfection studies. We observed that 
using a single tip multiple times (without cleaning) reduced transfection 
efficiency in SKOV-3 cells whereas the single use of the tips achieved the 
desirable knockdown levels of EFA6R (Figure 4.3 C). Based on these data, we 
employed the use of the neon transfection system in introducing siRNA in 
SKOV-3 cells for all subsequent experiments.  
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Figure 4.3. Electroporation using the Neon Transfection System is the 

optimal method for EFA6R siRNA delivery into SKOV-3 cells. (A) HEK293 
cells were co-transfected with GFP-EFA6R and 200nM of siControl, 
siEFA6R1 and siEFA6R 2 for two days. The protein lysates were separated 
by 10% SDS-PAGE, transferred onto a PVDF membrane and probed with an 
anti-EFA6R and anti- 𝛂-tubulin (loading control). (B) Following transfection 
of siControl, siEFA6R1 and siEFA6R 2 in SKOV-3 cells using three lipid-
based transfection reagents (JetPrime, INTERFERIn and RNAiMAX) and 
electroporation using Neon transfection system using the following 
parameters: 1170v, 30ms, 2 pulse number, and a cell density of 600Kcells/ml, 
10µM 5-Aza-CdR was added to the cells for four days (on day three, fresh 
medium and drugs were added). The protein lysates were processed as in (A) 
and probed with anti-EFA6R and anti-β-actin (loading control). (C) Further 
optimisation of the electroporation using 10µl and 100µl Neon ® Tips to 
introduce siEFA6R1 into SKOV-3 cells at different cell density.  
 

4.3.4 Optimisation of cell migration and cell invasion assays as phenotypic 
screening methods 
 
The cell culture wound healing assay, and the transwell cell migration and 
invasion assays are used to visually observe and subsequently quantify cell 
migratory and invasive behaviours. They can also be used to study molecular 
mechanisms of cell metastasis (Hall 2009, Haley et al. 2016, Sheets et al. 
2016). We used these cell motility assays to determine the role of EAF6R in 
migration and invasive capabilities of SKOV-3 cells. Naturally, we initially 
optimized the parameters of these assays. The cell wound closure assay 
examines the ability of a particular cell line to migrate and subsequently close 
a wound gap made in a confluent plate of cells. We first analysed a time-
dependent migration of SKOV-3 cells and showed that they are able to 
significantly migrate into the wound gap within 12 hours (~70%) and close 
the gap fully by 24 hours after making the scratch (100%). (Figure 4.4A and 
B). Therefore, we chose the sub-optimal 12-hour time point in the scratch 
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assay for subsequent SKOV-3 migration studies. Next, we assessed the ability 
of SKOV-3 cells to sense a particular chemo-attractant and migration/invade 
through a physical barrier towards it – using the transwell cell migration and 
invasion (pre-coated with 1.2mg/ml of matrigel) assays. Similar to the wound 
healing assays, we set out to find a suitable time-point where the cell 
population migrate and invade through the physical barrier at sub-optimal 
level (Figure 4.4C and D). From these assays, we found out that 4 and 8 hours, 
respectively, required for sub-optimal migration and invasion of SKOV-3 
cells. Overall, the optimisation of the combinational use of 5-Aza-CdR and 
siEFA6R1/2 in the last section, and migration and invasion assays in this 
section allowed us to next examine the migratory and invasive capacity of 
SKOV-3 cells in response to EFA6R upregulation (through 5-Aza-CdR) and 
thereby downregulation (through siRNA). 
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Figure 4.4. Optimization of migration and invasion assays using Ibidi® 

migration assay and ThinCert™ transwell inserts. (A) Migration assay using 
ibidi inserts was done by adding 70µl of SKOV-3 cells [700,000/ml] into each 
well of a 2 well insert. After 4-6 hours of incubation for cell attachment, the 
culture-insert was removed and fresh medium was added. Images at 3-5 
random positions were taken at the indicated times as the cells migrated into 
the cell-free gap using a camera-attached microscope at 4x objective lens (B) 
The percentage gap closure was calculated by taking 0 hour migration as the 
baseline. (C) Using the transwell 24-well cultural inserts, the migration and 
invasion (through 1.2 mg/ml of ECM) of SKOV-3 was assessed. Here, cells re-
suspended in serum free medium at a density of 50,000/250µl were 
transferred onto a 8µm pore transwell inserts. Full serum media was placed 
on the other side of the membrane to create a chemotaxis microenvironment. 
Following migration and invasion at the indicated times, cells were fixed 
using 4% PFA and stained with 0.2% crystal violet. The cells that had not 
migrated or invaded through the pores were removed by a cotton swap and 
images of the cells were taken at 3-5 random positions. (D) The concentration 
of crystal violet extracted from the migrated cells using 5% SDS and was 
assessed by reading its absorbance at 570 nm using a microplate reader.  

 

4.3.5 EFA6R re-expression results in inhibition of cell migration and invasion 
in SKOV-3 cells 
 
We have demonstrated in section 4.3.2 that EFA6R is epigenetically silenced 
in SKOV-3 cells and that the use of the demethylating agent, 5-Aza-CdR, 
revives EFA6R expression to similar levels that are observed in the healthy 
ovarian cell line, IOC (Figure 4.2B and D). However, in addition to regulate 
the EFA6R expression, 5-Aza-CdR treatment also alters several other 
proteins expression. Therefore, to analyse the role of EFA6R in cell 
invasion/migration, we knockdown specifically EFA6R expression (by using 
siEFA6R1) in SKOV-3 cells treated  with 5-Aza-CdR and studied the effect of 
EFA6R knockdown on SKOV-3 cell migration and invasion. For this, we 
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electroporated SKOV-3 cells with siEFA6R1, plated, treated with 5-Aza-CdR 
and then assessed the cells migration and invasion capabilities, using wound 
healing and transwell assays. It should be noted that we did not use siControl 
in this or subsequent studies as we previously established that siEFA6R1 or 
the transfection method do not have off-target effects. By using 12 hours of 
migration in the wound healing assay, we saw significant reduction of cell 
migration in 5-Aza-CdR treated SKOV-3 cells, ~ 20% of wound gap closure in 
5-Aza-CdR incubated cells compared to ~80% gap closure in untreated cells 
(**P <0.0099) (Figure 4.5A and D). Interestingly, in the siEFA6R1/5-Aza-CdR 
treated cells, we observed migratory capacity (~75% gap closure) similar to 
that of the untreated cells (~80% gap closure). To assess the role of EFA6R on 
metastasis, we used transwell migration and invasion assays.  These studies 
showed that treatment with 5-Aza-CdR reduced migration and invasion of 
SKOV-3 cells by ~5 folds (Figure 4.5B and C) whereas, siEFA6R1/5-Aza-CdR 
treated cells exhibited a resurgence of cell motility to near pre-treated levels 
(Figure 4.5E). Biochemical analysis of the effect of 5-Aza-CdR treatment on 
EFA6R expression showed a significant ~ 10-fold increase (**P <0.0026) 
(Figure 4.5F). Simultaneous treatment of SKOV-3 cells with siEFA6R1/5-
Aza-CdR inhibited the revival of EFA6R expression and hence a knockdown 
of expression levels – similar to control levels was observed. These results, 
taken together, highlight that the difference in migration and invasion 
between 5-Aza-CdR and siEFA6R1/5-Aza-CdR treated cells can be attributed 
to EFA6R alone. It can hence be stated that re-expression of EFA6R 
suppresses cell migration and invasion while its absence promotes these 
phenotypes.  
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Figure 4.5 EFA6R inhibits cell migration and invasion of SKOV-3 cells. 
SKOV-3 cells were electroporated with siControl or siEFA6R1. Following cell 
attachment, 10µM 5-Aza-CdR was added for four days (fresh medium and 
drug was added on third day). (A) 70µl of cells/well at a density of 700,000/ml 
were also plated into an ibidi cultural 2-well insert, followed by 6-hour cell 
attachment and start of migration assay - where the inserts were removed 
and fresh media was added. Images were taken at the indicated times using 
a camera-attached microscope at 4x objective lens. (D) Relative gap closure 
(%) compared to control was measured post-12-hour cell migration. For the 
transwell migration and invasion assays, cells at a density of 50,000 
cells/250µl for (B) cell migration and (C) cell invasion. Following 4 hours of 
cell migration and 8 hours of cell invasion, the cells were fixed with 4% PFA 
and stained with 0.2% crystal violet. Cells that had not migrated/invaded 
though the 8µm pores of the inserts were removed by a cotton swab before 
images were taken and the crystal violet extracted from the migrated/invaded 
cells using 5% SDS and read it’s OD at 570nm using a microplate reader. (F) 
From the same batch of cells, the protein lysates were separated by 10% SDS-
PAGE, transferred onto a PVDF membrane and probed with an anti-EFA6R 
and anti- β-actin (loading control). Errors bars represent the mean +/- s.e.m 
n=3, ***P <0.01, **P < 0.05. Statistical analysis was performed using the non-
parametric Kruskal-Wallis statistical test. 
 

4.3.6 Preparation of GST-GGA3 VHS-GAT for pulldown of GTP-Arf6 
 

The GGAs (Golgi-associated, γ-adaptin homologous, ARF-interacting 
proteins) constitute a family of proteins that associate with the cytoplasmic 
face of the trans-Golgi network (TGN) and interact with ADP-ribosylation 
factors (ARFs) (Dell'Angelica et al. 2000b). GGAs (of which there are three 
members GGA1, GGA2, and GGA3 in humans consist of a VHS domain and 
a region of homology termed GAT (which is directly responsible for 
interacting with GTP-bound form of ARFs). This interaction has allowed for 
determination of GTP-bound ARFs by using GGAs as effectors in the GST-
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pulldown assays and the ARFs specific antibodies in immunoblotting (Davies 
et al. 2014). Therefore prior to detection of GTP-bound Arf6 in GST-GGA3 
pulldown assay, we initially purified the GST-GGA3 fusion protein from 
E.coli strain BL21(DE3) and subsequently coupled it to glutathione agarose 
magnetic beads. The resulting resin was subjected to SDS-PAGE, followed by 
coomassie blue stain to determine the purity and amount of the GST-effector 
bound to the resin using BSA as protein standard (Figure 4.6A). This analysis 
revealed that >5 mg GST-effector bound to 1ml of the beads, which is >90% 
pure. Coomassie blue staining of SDS-PAGE gel was used to analyse the 
expression and purification of GST-effector (Figure 4.6A). Given the 
specificity of GGA proteins affinity to GTP-bound ARFs, the GST-GGA3 VHS-
GAT resin was incubated with lysates of HEK293 cells expressing ARF1 and 
Arf6 mutants that mimic either the GDP-bound (ARF1 T31N and Arf6 T27N) 
or the GTP bound forms (ARF1 Q71L and Arf6 Q67L) (Figure 4.6B). As seen 
in this figure, the GST-GGA3 VHS-GAT (GST-effector) only precipitated the 
active ARF mutants and therefore we deemed this assay suitable in assessing 
Arf6-GTP levels in the subsequent study.  
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Figure 4.6. GST-GGA3 VHS-GAT (GST-effector) expression, purification, 

immobilization to glutathione magnetic beads and use in GST-pulldown 

assay. (A) Analysis of GST-effector expression induction with IPTG in E. coli 
BL21(DE3) strain, purification and immobilization to glutathione agarose 
magnetic beads by SDS-PAGE and coomassie blue staining. The amount of 
GST-effector bound to glutathione beads was assessed by using BSA 
standard. (B) HEK293 cells were transfected with either the GFP-tagged 
ARF1 or Arf6. After 2 days, the cells were lysed and the resulting lysates were 
incubated with 10µl of 25% of GST-effector (~15 mg of protein/ml of beads) 
coupled to magnetic agarose beads. Following elution with SDS-PAGE 
sample buffer, the bound proteins were separated by SDS-PAGE, and 
detected by immunoblotting using anti-GFP primary antibody.  
 

4.3.7 EFA6R attenuates metastasis via an Arf6 independent pathway 
 
A recent study has shown that EFA6R functions as an Arf6 specific GEF 
(Kanamarlapudi 2014). Arf6 signalling pathways have been shown to 
regulate tumor cell migration and metastasis (Premont and Schmalzigaug 
2009;(Tamaddon-Jahromi and Kanamarlapudi 2017) ). Therefore, we wanted 
to determine whether EFA6R mediates cell migration and invasion through 
Arf6 dependent or independent pathway. To investigate this, we used two 
approaches: (1) knockdown of Arf6 using siArf6 and (2) inhibition of the Arf6 
activation using NAV-2729 - a chemical inhibitor that associates with the 
GEF-binding area of Arf6, hence prohibiting the GEF-mediated activation of 
Arf6 (Yoo et al. 2016, Zhu et al. 2017).  
 
We began this part of the study by optimizing the use of siArf6 and NAV-
2729. Endogenous Arf6 protein expression, but not ARF1, in SKOV-3 cells 
was knockdown by siArf6 and using the neon transfection system, (Figure 4.6 
A). We then assessed the dose and time-dependent inhibition of Arf6 
activation in SKOV-3 cells by NAV-2729, which showed that incubation with 
50µM NAV-2729 for 2 hours sufficiently reduces Arf6-GTP levels but it is not 
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toxic to cells at that concentration. We also confirmed that NAV-2729 
uniquely inhibits Arf6-GTP and not one of its close homologs, ARF1-GTP 
(Figure 4.7D). 
 
Next, we investigated the phenotypic effects of NAV-2729 and siArf6 on 
SKOV-3 cell migration using the transwell assay (Figure 4.7 E). SKOV-3 cells 
were treated with 50µM NAV-2729 with or without the addition of 5-Aza-
CdR. We observed that cells treated with NAV-2729 alone did not 
significantly reduce cell migration whereas the combinational treatment of 
cells with NAV-2729 and 5-Aza-CdR attenuated cell migration near to that 
seen in 5-Aza-CdR alone treated cells (**P <0.0066) (Figure 4.7F). Similarly, 
knockdown of Arf6 by using its siRNA had no effect on 5-Aza-CdR inhibited 
cell motility (**P < 0.0066) (Figure 4.6F). The Arf6 activation in cells treated 
with NAV-2729 and 5-Aza-CdR was assessed by using GST-effector pulldown 
assay (the VHS-GAT domain of the ARF effector GGA3 only binds to the GTP-
bound form of ARFs (Dell'Angelica et al. 2000a). We observed that Arf6 
activation was reduced (to various degrees) by the addition of the 
demethylating agent, 5-Aza-CdR, the Arf6-GTP inhibitor, NAV-2729, and 
their combinational usage (Figure 4.7 G). Knockdown of Arf6 by siArf6 – in 
presence and absence of 5-Aza-CdR also reduced endogenous Arf6 levels 
(Figure 4.7 G). These data suggest that although Arf6-GTP and overall 
expression levels were reduced, no significant effect on metastasis was 
observed, suggesting that Arf6 may not be involved in EFA6R-mediated 
attenuation of metastasis 
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Figure 4.7. Pharmological inhibition of Arf6 activation and siArf6-mediated 

knockdown of Arf6. (A) Immunoblotting analysis of SKOV-3 lysates 
(electroporated with 200mM siControl, siArf6 and siARF1) using anti-Arf6, 
anti-ARF1 and anti-β-actin (loading control) antibodies. (B) Cells were seeded 
at a density of 2500 cells/well and treated with using 10µM, 50µM and 250µM 
of NAV-2729 for 2 and 5 days. Cell viability was assessed using the CCK-8 
kit (C) Arf6 and (D) ARF1 activation using GST-effector pulldown assay. 
SKOV-3 cells treated with NAV2729 at the indicated concentrations and 
times were lysed and incubated the lysates with GST-effector coupled 
magnetic agarose beads. The protein bound (GTP-bound ARFs) to the beads 
and whole-cell lysates (total ARFs) were separated by 15% SDS-PAGE, 
transferred onto a PVDF membrane and probed with an anti-Arf6 and an 
anti-ARF1 antibodies. (E) For the treatment of SKOV-3 cells with NAV-2729, 
the cells were treated with or without 10µM 5’-Aza-CdR for four days (fresh 
medium with drug was added on third day). The cells were trypsinized, 
counted and plated in a transwell insert at a density of 50,000 cells/250µl and 
treated for an initial 30 minutes with or without NAV-2729 and in the 
absence of chemoattractant and then 4-hours in the presence of 
chemoattractant. For the siRNA mediated knockdown of Arf6, the cells were 
electroporated with 200mM siArf6 prior to 5-Aza-CdR treatment for 4 days. 
Then the cells were fixed with 4% PFA and stained with 0.2% crystal violet. 
Cells that had not migrated though the 8µm pores of the inserts were removed 
by a cotton swab before images were taken and the crystal violet extracted 
the stained cells using 5% SDS. (F) The absorbance of the extracted crystal 
violet was measured at 570nm using a microplate reader. (G) Lysates 
prepared as described in (C) and (D), were separated by 15% SDS-PAGE and 
transferred onto a PVDF membrane and probed with an anti-Arf6 antibody. 
Errors bars represent the mean +/- s.e.m, n=3, ***P < 0.01, **P < 0.05. 
Statistical analysis was performed using the non-parametric Kruskal-Wallis 
statistical test. 
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4.4 Discussion  
 
EFA6R is amongst a cluster of genes on chromosomal region 8p22, whose 
expression have been shown to be significantly downregulated in ovarian 
cancer and hence identified as a potential TSGs (Pils et al. 2005a). In the 
previous chapter, we established the concurrent downregulation EFA6R 
mRNA and protein expression with an increase in EOC cancer stage and 
grade. As EFA6R expression loss is implicit in reduced rates of patient 
survival (Pils et al. 2005a), it is vital that the mechanisms of downregulation 
and the phenotypic roles of EFA6R are delineated. In this study, we have 
shown for the first time that: (1) EFA6R is significantly downregulated in 
Serous ovarian cancer (SOC) through epigenetic changes (2) Re-expression of 
EFA6R via 5-Aza-CdR treatment reduces migration in SKOV-3 cells and that 
(3) EFA6R-mediated migration may utilize an Arf6-independent pathway. 
 
We initially assessed the viability of SKOV-3 and OVSAHO cell following 
treatment with increasing concentrations of the demethylating agent 5-Aza-
CdR and the HDAC I and II inhibitor SAHA. Using the optimal concentration 
of these drugs, we showed that EFA6R expression is suppressed by 
hypermethylation (in SKOV-3 and OVSAHO cells) and histone deacetylation 
(in OVSAHO). The use of these drugs restored EFA6R expression levels to 
similar to that detected in IOC cells. As a result, we did not see the benefit in 
using the two drugs together as our primary aim was to utilize these drugs to 
reverse the EFA6R expression to normal levels to assess the functional role 
of this protein in SOC. Interestingly, in OVSAHO cells we observed a greater 
fold decrease of EFA6R expression at mRNA and protein levels (previous 
chapter), compared to SKOV-3 cells. This is likely to be due to the nature of 
the cells,  OVSAHO is considered as a high-grade serous ovarian cancer cell 
line whereas, based on molecular and genetic traits,  SKOV-3 is considered to 
be low-grade serous ovarian cancer cell line (Coscia et al. 2016). We have 
already seen that EFA6R expression levels are significantly reduced as SOC 
progresses to higher stages and grades in ovarian cancer patients. This 
expression decrease could be due to a more aggressive suppression of EFA6R 
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expression, epigenetically. Therefore, in OVSAHO cells, both DNA 
methylation and histone deacetylation may work together independently, to 
suppress EFA6R expression while in SKOV-3 cells, DNA methylation of 
EFA6R seems to be the sole mechanism of downregulation of the protein 
product of EFA6R.  
 
Epigenetic modifications are amongst the major mechanisms involved in 
suppressing tumor-promoting gees. Our results herein indicate that 
alteration in the expression of EFA6R in ovarian cancer is dependent on and 
caused by DNA methylation and loss of unknown modifications to histone 
proteins. Since EFA6R is considered as a TSG in EOC, its loss may contribute 
to the pathogenesis/progression of this disease. Therefore, strategies that aim 
to upregulate EFA6R expression may be of value in prevention and/or 
treatment of ovarian cancer.  
 
To study the functional relevance of EFA6R expressional changes in SKOV-3 
cells, we restored the EFA6R gene expression in SKOV-3 cells by using of the 
demethylating agent, 5-Aza-CdR in SKOV-3. 5-Aza-CdR treatment increased 
EFA6R expression by ~10 folds in SKOV-3 cells, which is similar to the levels 
observed in non-tumour the IOC cell line. We showed that restoration of 
EFA6R expression has a drastic anti-metastatic effect (a significant reduction 
in both migration and invasion). A major issue with epigenetic drugs such as 
5-Aza-CdR is their specificity: often, they target multiple sites leading to 
many side effects. Therefore, it is important to establish that the reduction in 
metastatic potential of SKOV-3 cells with 5-Aza-CdR treatment is due to 
restoration of EFA6R expression. Therefore, we showed that by siRNA-
mediated knockdown of EFA6R expression significantly reduces the response 
of SKOV-3 cells to 5-Aza-CdR treatment and as a result of this, the cells 
regained their enhanced metastatic potential. Overall, we showed that 5-Aza-
CdR treatment not only restored EFA6R expression but also reduced SKOV-
3 cell migration and invasion . SKOV-3 cell migration and invasion reduced 
by 5-Aza-CdR-treatment are revered by knockdown of EFA6R expression 
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through EFA6R siRNA treatment, highlighting the role of EFA6R in 
attenuating the metastatic potential of these cells.  
 
As EFA6R is a member of the EFA6 GEF family that specifically activate Arf6 
small GTPase, which has been shown to be an important regulator of the actin 
cytoskeleton and cell motility associated with metastasis, we sought to see if 
EFA6R regulates metastasis through its effector, Arf6. Previous studies have 
shown that in breast cancer cell lines, the migration and invasion of cells are 
Arf6-dependent and that siRNA-mediated knockdown of Arf6 reduced cell 
migration and invasiveness (Morishige et al. 2008). In contrast, here we 
report that pharmological inhibition of Arf6-GTP activity or siRNA-mediated 
knockdown of Arf6 does not have a significant effect on the migration of cells 
treated with or without 5-Aza-CdR– suggesting that EFA6R attenuation of 
metastasis occurs not through its effector, Arf6 – but through an Arf6-
independent pathway.  
 
These results were particularly surprising since the role of Arf6 in cancer cell 
migration and invasion have been extensively documented in other cancer 
types such as breast and lung carcinomas (Morishige et al. 2008, Marchesin, 
Montagnac, and Chavrier 2015, Zhang et al. 2015, Hashimoto et al. 2016, Yoo 
et al. 2016, Yamauchi, Miura, and Kanaho 2017)(Li et al. 2017). Therefore, 
further assessment of the role of Arf6 in ovarian cancer cell line SKOV-3 
should be undertaken to further substantiate the findings of this study. The 
presence of endogenous Arf6-GTP clearly indicates that it could be mediating 
other phenotypes associated with tumor progression. Due to the broad action 
of 5-Aza-CdR on suppressed genes which would naturally include some Arf6 
GEFs and GAPs –it would be a point of interest to see what happens to the 
expression of these auxiliary proteins following 5-Aza-CdR treatment. 
However, when we reduced endogenous Arf6 levels (both through siArf6 and 
the use of NAV-2729), we did not observe any phenotypic changes associated 
with cell migration and therefore no further studies were conducted on the 
regulation of the Arf6 cycle.  
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In conclusion, we have identified a novel role for EFA6R in SKOV-3 cell lines 
(Figure 4.8). We had previously shown that EFA6R is downregulated in a 
large proportion of ovarian cancer tissues and cells both at mRNA and protein 
levels. We identified that the suppression of EFA6R expression is 
epigenetically regulated in SOC cell lines and that re-expression of EFA6R - 
by using demethylating agent 5-Aza-CdR – dramatically reduced the 
metastatic potential of SKOV-3 cells. To identify the role of EFA6R amongst 
a cluster of hypomethylated proteins, we knocked out EFA6R expression by 
its siRNA to show that the significant metastatic potential of SKOV-3 cells is 
due to the absence of EFA6R. We also shown that EFA6R attenuation of 
SKOV-3 cell lines utilizes an Arf6-independent pathway– an observation that 
requires further studies to substantiate.  
 
 

 
 
 
Figure 4.8. Schematic model representing EFA6R-mediated attenuation of 

cell migration and invasion, as deduced from the current study. (A) SKOV-3 
cell migration and invasion are reduced upon-upregulation of EFA6R and 
other unknown proteins’ expressions via the demethylating agent 5-Aza-CdR 
treatment. Based on the results of this study, amongst all potential 
demethylated proteins, EFA6R pathway plays a major role in attenuating 
metastasis. (B) The attenuation of metastasis is reversed by knockdown of 5-
Aza-CdR-induced EFA6R expression by siEFA6R. 
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4.5 Future studies 
 
Future studies should expand the scope of epigenetic analysis to include cell 
lines of other EOC subtypes to see if the mechanism of EFA6R 
downregulation occurs through epigenetic means in all subtypes. In addition 
to SAHA, TSA is a class I, II and IV HDCA inhibitor and Nicotinamide is a 
class III HDCA inhibitor. Further analysis of histone deacetylation role in 
EFA6R expression should utilize these drugs as both a confirmation (in the 
case of TSA) and complementary forms of analysing a closed chromatin 
structure (Seto and Yoshida 2014). In addition, chromatin 
immunoprecipitation (ChIP) assay can be used to dissect the associations of 
EFA6R promoter region with any histone modifications and non-histone 
DNA-binding proteins (Milne, Zhao, and Hess 2009). To identify differentially 
methylated regions in our panel of EOC cell lines, the bisulphite sequencing 
assay can be used (O'Sullivan and Goggins 2013). Here, treatment of 
bisulphite with DNA converts cytosine residues into uracil – which will be 
read as thymine as determined by PCR-amplification and subsequent sanger 
sequencing analysis. However, 5mC residues are resistant to this conversion 
and so will remain as cytosine enabling the detection and measure of the 
methylated cytosine.  
 
Future studies should assess the involvement of EFA6R in the metastatic 
potential of EFA6R-positive ovarian cancer cell lines (such as CAOV3 and 
OVCAR3) using siRNA mediated knockdown followed by cell migration and 
invasion assays (both 2D and 3D). Our preliminary biochemical analysis has 
shown that siEFA6R knockdown of EFA6R in CAOV3 cell lines results in 
reduction of the Arf6-GTP activity (Figure 4.9). We are currently 
investigating the phenotypic consequences of reduction of EFA6R and Arf6-
GTP levels.  
 
Additionally, SKOV-3 cells stably expressing EFA6R may be used to assesses 
the effect of alteration in EFA6R expression on cell invasion/migration of 
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SKOV-3 cells. Currently, we are performing G418 titration to determine the 
optimal antibiotic concentration for selecting stable cell colonies. Biochemical 
analysis of SKOV-3 cells showed that these cells express high basal Arf6-GTP 
activity - indicative of the likely expression of other Arf6 GEFs such as the 
EFA6 GEF family (EFA6A-C), the Cytohesins 1-3 and BRAG2/GEP100. This 
confers numerous roles for Arf6 in SKOV-3 cell phenotype as a result of the 
expression and functional activity of Arf6 GEFs. Indeed, out of all members 
of the cytohesin ARF GEF family, we have observed the expression of 
cytohesin 3 at protein level (data not shown) in SKOV-3 cells. So, it is 
important to study the expression and functional relevance of all Arf6 GEFs 
to better understand the global role of Arf6 in SKOV-3 cells. Therefore, future 
studies should use SecinH3 (an Arf6 inhibitor of Cytohesins and GEP100 
and/or PIT-1 (which antagonizes PIP3 binding to PH domains of ARNO 
[cytohesin 2] and GRP1 [cytohesin 3]) to see whether preventing the 
activation of Arf6 by these particular GEFs has any effects on cancer 
progression. Interestingly, the direct inhibition of Arf6 activation by NAV-
2729 – which binds to the Arf6 in the Arf6-GEF binding region, thus 
preventing the GEF association with Arf6 – nor siRNA mediated knockdown 
of Arf6 have any significant inhibitory effects on cell migration. This was the 
case even when EFA6R was re-expressed in SKOV-3 cells – which potentially 
indicates that Arf6 is not involved in the regulation of metastasis of SKOV-3 
cells by EFA6R.   
 
During our biochemical analysis of the effects of 5-Aza-CdR in SKOV-3 cells, 
we noticed a reduction of Arf6-activity by ~ 40-50%. This shows that 5-Aza-
Cdr is potentially reversing the suppression of Arf6 GAPs, which inactivates 
Arf6, by hypomethylation. In order to mitigate the off-target effects of this 
demethylating agent, future studies should study the effects of QS11 (an 
ARF-GAP inhibitor (Zhang et al. 2007) in preventing inactivation of Arf6 to 
see if Arf6 positively regulates cancer cell invasion and metastasis since 
cycling of Arf6 between the active and inactive conformation might be crucial 
in regulating the phenotypes observed in this study.  
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Figure 4.9. siRNA mediated knockdown of EFA6R in CAOV3 cell lines results 

in reduction of Arf6 activity. Preliminary analysis of the expression and 
knockdown in CAOV3 cell line: CAOV3 cells were electroporated with 
siControl or siEFA6R1. Following 4-days incubation, the cells were lysed and 
the protein lysates were separated by 10% SDS-PAGE, transferred onto a 
PVDF membrane and probed with an anti-EFA6R and anti-β-actin (loading 
control).  
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Chapter 5: Study of EFA6R 
isoforms expression and functions 

5.1 Introduction 
 
The ADP-Ribosylation Factor (Arf) family of small GTP-binding proteins are 
ubiquitously expressed and involved in many cellular events such as cell 
adhesion, cell migration, neurite outgrowth, cell secretion, endocytosis and 
exocytosis and maintenance of the platelet cytoskeleton (D'Souza-Schorey 
and Chavrier 2006, Urban et al. 2016, Ueda et al. 2013, Jang et al. 2016). In 
mammals, the Arf family consist of 6 members (Arfs 1-6) where they differ in 
their localisation and function. Arfs 1-5 function at the Golgi whereas Arf6 
regulates cellular events at the plasma membrane (Donaldson and Jackson 
2011). Arfs belong to the Ras superfamily of GTPases and therefore they act 
as molecular switches by cycling between the inactive GDP-bound and active 
GTP-bound forms. They depend on Guanine Exchange Factors (GEFs) for the 
activation and GTPase-Activating Proteins (GAPs) for the inactivation 
(Donaldson and Honda 2005). Mammalian cells express 14 Arf GEFs, which 
are classified into the following 5 families: EFA6s (A-D), Cytohesins (1-4), 
BRAGs (1-3), GBF1 and BIGs (1-2).  
 
In humans, the Exchange Factor for Arf6 (EFA6) GEF family consist of four 
members: EFA6A, EFA6B, EFA6C and EFA6R (also known as PSD3, EFA6D 
or HCA67). The existence of several isoforms, by alternative splicing, have 
been described for each member. EFA6R shares a common domain 
organization with other members of the EFA6 family Arf GEFs, which 
commonly contain a Sec7 catalytic domain without an invariant glutamic 
residue – referred to as a ‘glutamic finger’ –essential in displacing Mg2+ ion 
and β-phosphate of GDP to destabilize the GDP: Arf interaction. The GEF 
activity is abolished upon mutation of the glutamic residue to lysine  
(Renault, Guibert, and Cherfils 2003, Matsuya et al. 2005, Kanamarlapudi 
2014b, Luton et al. 2004). In addition to the Sec7 domain, the EFA6 GEF 
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family members also contain a pleckstrin homology (PH) domain which is 
responsible for the plasma membrane localisation by interacting with 
phosphatidylinositols (PIs) and a C-terminal region which consists of one or 
more coiled-coil (CC) domains responsible for cytoskeleton rearrangements 
and interactions with downstream signalling proteins (Kanamarlapudi 
2014a) Some isoforms of the EFA6 family also contain a less conserved 
extended N-terminal region, upstream of the Sec7 domain, whose function is 
mostly unknown. However, recently, the N-terminal region of EFA6B has 
been shown to associate with Dynamin2 (Dyn2) during Arf6-induced clathrin 
mediated endocytosis and its N-terminal region interaction with the adaptor 
protein NUMB has been shown to regulate membrane protrusions associated 
with cell migration (Okada et al. 2015a, Zobel et al. 2018).  
 
Recent studies by (Fukaya et al. 2016) and (Chomphoo et al. 2016) have 
identified a ~140kDa protein immunoreactive to EFA6R antibody  - wildly 
believed to correspond to the human EFA6R large isoform (A), in the 
hippocampal CA3 region of mouse brain as well as in mice adrenal cortical 
tissues. However, no expression and functional analysis of EFA6R isoform A 
has thus far been conducted in human cells and tissues. Our lab 
((Kanamarlapudi 2014b) has also shown that EFA6R small isoform (B) is 
indeed detected in human brain, heart, liver skeletal muscle, spleen, and 
testis tissues and in a panel of cell lines which include MCF7, HeLa  and COS-
7 cells lines. 
 
Here we expanded on our previous studies on EFA6R isoform B by analysing 
the expression and localisation of EFA6R isoform A in tissues and cell lines. 
This resulted in identifying the EFA6R isoform A expression in cell lines such 
as HEK293 and ReN cells but not in any human tissues analysed. By using 
various EFA6R deletion and site-directed mutant constructs, we showed that 
first of all EFA6R is an Arf6-specific GEF. EFA6R GEF activity depends on 
its catalytic Sec7 domain and its ability to localise to the plasma membrane 
through the association of PH domain with inositol lipid PI 4,5-bisphosphate 
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(PI 4,5-P2) in the membrane. Furthermore, we showed that EFA6R is able to 
regulate Arf6 localisation and induce the loss of actin stress fibres through 
regulation of Arf6 activation. Analysis of EFA6R in HEK293 cells revealed 
that depletion of EFA6R reduces Arf6-GTP levels. Furthermore, this 
tentatively corresponded to loss of surface β1 integrin expression. Finally, the 
expression analysis of EFA6R was also conducted in ReN cells where we 
showed that EFA6R isoform A expression decreases in differentiated cells 
when compared to that in undifferentiated cells. The knockdown of EFA6R 
isoform A by using siEFA6R had no effect on Arf6 GTP levels, suggesting an 
alternative, unknown, Arf6-independent role for EFA6R in differentiating 
ReN cells. 
 

5.2 Methods and Materials 
 

5.2.1 Preparation of EFA6R mutation and deletion constructs 
 
For full details, see bacterial cell culture, section 2.2.1. 
 

5.2.2 Cell Culture 
 
Cell line information can be found in the protocol in section 2.2.5.3.  

5.2.3 Small interfering RNA (siRNA) and Plasmid DNA transfection 
 
The siRNA and plasmid DNA used in this study have been outlined in the 
protocol in section 2.2.2 to 2.2.6.  
 
To transiently transfect COS-7, HEK293 and HeLa cells with siRNA and 
plasmid DNA, jetPRIME® (Polypus, US) was used according to the 
manufacturer’s protocols. To introduce siRNA and plasmid DNA in 
undifferentiated ReN cells, the mechanical Neon transfection system 
(Thermofisher Scientific, US) was used according to manufacturer’s protocol. 
The final concentration of all siRNAs used were 200nM. The final 
concentration of plasmid DNA used were: 0.5µg for 24-well plates, 2 µg for 6-
well plates and 10µg for 10mm plates.  
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5.2.4 Immunofluorescence 
 
Immunofluorescence was carried out according to protocol in section 2.2.7.  
 

5.2.5 Immunoblotting 
 
Immunoblotting was carried out according to protocol in section 2.2.14.2 with 
minor modifications; the lysates were separated by SDS-PAGE using 10% or 
15% (for detection of Arf proteins). Primary antibody (anti-EFA6R rabbit 
polyclonal 1/500 dilution, anti-Arf6 mouse monoclonal 1/200, anti-ARF1 
rabbit monoclonal 1/3000, anti- β-actin mouse monoclonal at 1/10,000 dilution 
and anti-GAPDH goat monoclonal at 1/2000 dilution) diluted in blocking 
buffer. Followed by this, the blot was incubated with horseradish peroxidase 
(HPR)-conjugated secondary antibody (GE Healthcare, USA) diluted in 
blocking buffer (anti-rabbit, anti-mouse or anti-goat using 1/2500 dilution). 
 

5.2.6 In Vitro Phosphatidylinositol 4,5-bisphosphate (PI 4,5-P2) Binding 
Assay 
 
The in vitro PI 4,5-P2 binding assay was performed as described previously 
(Kanamarlapudi 2014b). Here, COS-7 cells transfected for 2 days with GFP-
tagged EFA6R or its point mutant constructs were treated with lysis buffer 
(10 mM HEPES, pH-7.4, 150mM NaCl, 0.5% NP40, 5mM DTT) containing 1% 
mammalian protease inhibitor mixture. Cell lysates were then incubated 
with streptavidin magnetic beads (Genscript, US) coupled to biotinylated PI-
4,5-P2 (Cell Signaling Technology, US) and incubated with gentle agitation 
(rotary mixer) for 2h at 4°C. Coupling of streptavidin magnetic beads to PI 
was done according to (Kanamarlapudi 2014a). Using a magnetic stand, the 
beads were then washed three times with lysis buffer and the bound proteins 
were eluted by 50µl of 1x sample buffer and then boiling for 5 min at 100°C. 
Proteins were then separated by SDS-PAGE and transferred to PVDF 
membrane. The blots were probed with an anti-GFP antibody.  
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5.2.7 Membrane fractionation by ultracentrifugation 
 
HEK293 cells were plated in 10x 10cm plates and grown to 90% confluency. 
The cells were then dissociated from the culture plate using Hank’s Balances 
Salt Solution (HBSS). Upon harvesting by centrifugation as a pellet, the cells 
were dispersed in 5 ml of ice-cold resuspension buffer (10 mM Tris-HCl, pH 
7.5, and 0.1 M sucrose with 1% mammalian protease inhibitor mixture) and 
lysed by passing 10-20 times through a 26-gauge needle attached to a 5 ml 
syringe. 0.5 ml of the whole cell lysate was taken and the remaining 4.5 ml 
cell lysate was centrifuged at 1000 x g for 5 min at 4oC to obtain the 
postnuclear supernatant. The supernatant was further centrifuged at 
100,000 x g for 30 minutes at 4oC to obtain the cytosolic (supernatant) and 
membrane fractions (pellet). The membrane fraction was resuspended in 0.5 
ml of resuspension buffer. The protein concentration of the whole cell lysate, 
cytosolic and membrane fractions was assessed by BCA assay and the lysates 
subjected to immunoblotting using anti-α-tubulin (a cytosolic protein) and 
epidermal growth factor receptor (EGFR, a membrane protein) and EFA6R 
in each fraction.  
 

5.2.8 GST-GGA3 VHS-GAT pull down assay 
 
Arf activation was analysed using the GST-GGA3 VHS-GAT (GST-Arf 
effector) pulldown assay (see previous results chapter for further detail; 
section 4.2.8). Following the co-transfection of GFP, EFA6R isoform A and B 
and EFA6A with HA-tagged Arf1 or Arf6, the cells were serum starved for 2 
hours and lysed in ice-cold modified pulldown-lysis buffer. 90% of the lysates 
were used for GST-effector pull downs while the remaining 10% lysates not 
incubated with the beads were used to analyse total Arf. Arf expression and 
activation was assessed by immunoblotting (using an anti-Arf6 at 1:200 
dilution and an anti-Arf1 at 1:3000 dilution). Arf-GTP expression levels were 
normalized to total Arf. 
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5.2.8 Statistical Analysis  
 

Data was analysed using the Graph prism program (version 7). Error bars 
show the median with 95% confidence interval of three or more independent 
experiments, unless stated otherwise. The non-parametric Kruskal-Wallis 
statistical test was used to calculate statistical significance for the data. A 
value of P >0.05 was considered not significant (ns) whereas * P <0.05, **P 
<0.01, ***P <0.001 and ****P <0.0001, were used as the limit of significance.  
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5.3 Results 
 
5.3.1 Validation of EFA6R (isoform A-specific) primer by RT-qPCR and 

finding a suitable antibody for immunoblotting.  

 
In humans, alternative splicing of the EFA6R gene generates primarily two-
well characterized variants in humans: EFA6R A (1048 aa, 116-150kDa) and 
EFA6R B (513 aa,45-53 kDa). They differ from each other in the length of the 
N-terminal region (Figure 5.1A), meaning that our western blot antibody 
(raised against a peptide corresponding to the C-terminus) and EFA6R 2 
primer (the target sequence is in the 3’ end) is able to recognize both isoforms. 
In this chapter, EFA6R primer set 1 is used to address the presence of the 
larger isoform as it targets the 5’ end of EFA6R isoform A mRNA that absent 
in the isoform B. Figure 5.1B shows that the EFA6R1 Forward 5’ and the 
reverse 3’ primer sequences matches the EFA6R human gene of the larger 
isoform. Unlike EFA6R1 primer, the EFA6R2 primer recognises both of the 
EFA6R variants (isoforms A and B). To maximize RT-qPCR efficiency, the 
amplicon length was designed to be <150 base pairs (bp). The performance of 
the primer was then assessed (Figure 5.1C). Using GFP-EFA6R 
(corresponding to the larger variant A) plasmid DNAs as template, we 
demonstrated the specificity of EFA6R1 primer using a range of 
concentrations of the plasmid from which we generated a standard curve and 
plotted Cq value against log of the amount of plasmid. From this, it was 
calculated that the R2 value for the fit of the data points to the trend line was 
0.98 with a primer efficiency of 114%. Similarly, a cDNA sample from ReNcell 
was used to test the efficiency and stability of the primers in RT-qPCR 
conditions. The R2 and efficiency for EFA6R1 in ReN cell-derived cDNA was 
0.98 and 100%. An acceptable range for primer efficiency is 90-110%, 
therefore the isoform A-unique primer was deemed suitable for usage in 
future RT-qPCR experiments.  
 
Similar to the principles of RT-qPCR optimization, in order to monitor protein 
expression in cells or tissues, the quality of the primary antibody must be 
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assessed. We used our in-house generated rabbit-anti EFA6R (raised against 
a peptide representing the last 15-C-terminal amino acids of EFA6R and 
affinity purified by using the immunizing peptide coupled resin through a 
commercial vendor [Eurogentec]) and compared it to the EFA6R expression 
levels with other readily available commercial anti-EFA6R antibodies. 
Western blot analysis of extracts from COS-7 cells transfected with GFP-
EFA6R (isoforms A and B) confirmed the specificity of the antibodies (Figure 
5.1D and E). However, the antibody obtained from Avivo biosystems did not 
recognize the intended target and showed non-specific binding for unknown 
reasons. Notably, the Everest anti-EFA6R antibody only recognized over-
expressed EFA6R isoform A, but not EFA6R isoform B, as it was raised 
against the N-terminal region of EFA6R. However, we were not able to detect 
EFA6R A (endogenous) in HEK293 or RenCells using this antibody. This 
could be due to the lack of sensitivity of the antibody towards endogenous 
EFA6R in these cells. Therefore, we couldn’t use this antibody in further 
studies. 
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Figure 5.1 
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Figure 5.1. Validation of EFA6R ( Isoform A-specific) primers by RT-qPCR 

and characterisation of various EFA6R antibodies for immunoblotting. The 
isoform specific EFA6R primer was validated for specificity and profile range 
by RT-qPCR. (A) A schematic representation of EFA6R isoforms, showing a 
conserved SEC7, PH and CC domains and the regions where primers and 
antibody recognize (B) the primer design sequence for EFA6R 1 primer. (C) 
Using a starting concentration of 1ng/ml of plasmids GFP-hEFA6R A with 
subsequent 8-fold serial dilutions and using a cDNA from an EFA6R-positive 
cell line, ReN, an 8-fold dilution was done and a graph was plotted with Log10 
of the DNA concentration on one axis and threshold cycle (Cq) on the y-axis. 
The reaction efficiencies, E, calculated by 10-1/gradient and percentage efficiency 
derived through the equation %E = E-1 x 100. (D) COS-7 cells were 
transfected with either GFP-EFA6R A or GFP-EFA6R B for two days. The 
cells were lysed and the cell lysates were separated by 10% SDS-PAGE, 
transferred onto a PVDF membrane and probed with various anti-EFA6R 
antibodies, displayed in figure 1E. The list of antibodies are displayed along 
with the antibody dilutions used, the catalogue number (and company where 
applicable) and the host used for raising the antibody.  
 

5.3.2 EFA6R isoform A expression is limited to few cell lines 
 
EFA6R expression has been previously observed in mouse brain tissues 
demonstrating the presence of both isoforms (Sakagami et al. 2006, Fukaya 
et al. 2016). A recent study from our lab has not only functionally 
characterized the smaller EFA6R isoform but also showed its ubiquitous 
expression  (Kanamarlapudi 2014) . We set out to see the presence of both 
isoforms in tissues and cell lines and hence we probed an INSTA-blot Human 
Tissues [NBP2-31378] (containing ~ 50µg per lane of human tissue lysates) 
with anti-EFA6R. We showed the expression of the smaller isoform (~45kDa) 
was abundant in Liver, Lung, Spleen and Testis; moderate in the Brain, 
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heart, Kidney, Skeletal muscle, Stomach and Ovaries; and low expression in 
small intestine (Figure 5.2A). However, we did not detect the larger isoform 
in any of the tissues analysed. When we assed EFA6R expression in cell lines, 
we observed the presence of the larger isoform as a ~ 150kDa protein in ReN 
cells (human), HEK293 (human) and HT22 (mouse) cells (Figure 5.2B). In 
order to assess that the 150kDa protein is the EFA6R isoform A, we have 
used siRNA-mediated knockdown of human form of both isoforms in HEK293 
and ReN cells (see figure 5.6). However, to validate these siRNA, we initially 
co-transfected HEK293 cells with EFA6R isoforms A and B with a panel of 
siRNA oligonucleotides. siEFA6R 1 and 2 are generic siRNAs that target both 
slice variants whereas siEFA6RA and B target only the larger one (Figure 5.2 
C). Hence we showed that EFA6R siRNAs, siEFA6R A and siEFA6R B, are 
unique to the larger isoform. Overall, we observed the presence of the larger 
isoform in ReN cells and HEK293 cells and characterized our siRNA for 
future studies.  
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Isoform B 

 
 
 

 
Figure 5.2. Analysis of EFA6R protein expression in tissues and cell lines by 

immunoblotting (IB) and various EFA6R siRNAs isoform specificity. (A) The 
INSTA-blot Human Tissues [NBP2-31378] (containing ~ 50µg per lane of 
human tissue lysates) was probed with anti-EFA6R and anti-GAPDH 
(loading control). (B) The protein lysates from various cell lines were 
separated by 10% SDS-PAGE, transferred onto a PVDF membrane and 
probed with an anti-EFA6R and anti-𝛂-tubulin (loading control). EFA6R 
expression in both tissues and cell lines is detected predominantly as a 37-
50KDa protein (resembling isoform B). In ReN cells, HEK293 and possibly 
HT22 (highlighted red) cells, a ~150kDa protein is detected (indication of 
isoform A expression). (C). EFA6R isoform A or B was co-transfected with a 
panel of EFA6R siRNAs in HEK293 cells. Following 3 days of transfection, 
the lysates obtained from the cells were subjected to immunoblotting using 
an anti-EFA6R and an anti-β-Actin (loading control) antibodies.  
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5.3.2 EFA6R isoform A localises to the plasma membrane in PC12 and HeLa 
cells  
Studies into the localisation of EFA6A have shown that this Arf6 GEF 
localises to the plasma membrane through its PH domain – where deletion of 
the PH domain resulted in localisation of EFA6R at the cytosol (Luton et al. 
2004). Furthermore, the PH domain of EFA6A is ~ 70% identical to 
EFA6C/EFA6R (EFA6D) and ~ 50% identical to EFA6B, indicating the 
likelihood of localisation of EFA6R to the plasma membrane. Previously it 
has been demonstrated that EFA6R (the small isoform) plasma membrane 
localisation is dependent on both the PH and CC domains (Kanamarlapudi 
2014b). (Kanamarlapudi 2014b) also showed that in HeLa cell fractions 
EFA6R isoform B expression was more abundant in membrane fractions 
rather than the cytosol. Therefore, we set out to investigate which protein 
domains are sufficient for the localisation of EFA6R isoform A. We generated 
various point and deletion mutants of EFA6R isoform A, expressed them  with 
an N-terminal GFP fusion and analysed their subcellular localisation in Hela 
and COS-7 cells by cell imaging using confocal microscopy (Figure 5.3A). In 
both cell lines, the deletion or point mutation (for catalytically inactivation) 
of the SEC7 domain did not prevent the localisation of EFA6R to the plasma 
membrane. Similarly, EFA6R ∆N548 (isoform B) also showed plasma 
membrane localisation suggesting that the N-terminal region of EFA6R 
isoform A may not be essential for its plasma membrane localisation (Figure 
5.3B). EFA6R lacking the SEC7 domain (EFA6R ∆SEC7) or its point mutant 
(EFA6R E682K) also localised to the plasma membrane. However, EFA6R 
lacking the PH domain (EFA6R ∆PH) failed to localise to the plasma 
membrane (Figure 5.3B). Moreover, we showed that, within the PH domain, 
point mutation of either R827E, K828E or the double mutant R827E/K282R 
were sufficient to incapacitate PH domain-mediated plasma membrane 
localisation. EFA6R lacking the CC domain (EFA6R showed weak membrane 
localisation. Overall, these results indicate that the PH and to a lesser extent, 
the CC domains are critical to the membrane localisation of EFA6R isoform 
A.  
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Figure 5.3. EFA6R constructs used in this study and their subcellular 

localisation in PC12 and HeLa cells. (A) Schematic view of EFA6R isoform A 
and the various deletion and point mutation constructs used in this study. (B) 
The intracellular localisation of various EFA6R constructs shown in (A) in 
PC12 or HeLa cells: The cells were transfected with GFP-tagged EFA6R 
constructs, fixed with 4% PFA and stained DNA using DAPI (0.1µg/ml). The 
cells were then visualized by confocal microscopy. The images are 
representatives of 50-70 transfected cells from three different cell 
preparations. A cross-section scanning profile for each construct’s localisation 
and quantification by showing % of localization at the PM (P) and in the 
cytosol (C) are displayed on the right side.  
 

5.3.4 EFA6R binds to PI 4,5-P2 (PIP2) through the PH domain in vitro 
 
It is commonly known that the PH domain in most proteins binds to the  PIs  
embedded in lipid bilayer (Yamamoto et al. 2016). (Kanamarlapudi 2014b) 
has shown that EFA6R isoform B specifically binds to PI 4,5-P2 and not PI 
3,4,5-trisphosphate (PI 3,4,5-P3), PI 3,4-P2 or PI 3-phosphate (PI 3-P). 
Therefore, we aimed to assess whether EFA6R isoform A also binds to PI 4,5-
P2. For this purpose, we incubated the lysate of cells expressing either EFA6R 
isoform A or its SEC7 and PH mutants with streptavidin beads coupled to 
biotinylated PI 4,5-P2 and showed that EFA6R PH mutants failed to bind to 
PI 4,5-P2 beads whereas the SEC7 mutant did bind to PI 4,5-P2 beads. This 
suggests that the ability of EFA6R isoform A to bind to PI 4,5-P2 is 
independent of its GEF activity (through the SEC7 domain) but dependent 
on its PH domain.  
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Figure 5.4. Analysis of EFA6R binding to PI 4,5-P2 (PIP2) in vitro. (A) 
HEK293 cells transfected with GFP-tagged EFA6R and its Sec7 mutant 
(EFA6R [E682K]), and PH mutants (EFA6R [R827E], EFA6R [K828E] and 
EFA6R [R827E/K828E]). Following 2 days, the cells were lysed and the 
lysates were then incubated with biotinylated PIP2 coupled to streptavidin 
magnetic beads for 2-hours at 4oC. Proteins that remained bound to PIP2 
beads after washing with binding buffer were analysed by immunoblotting 
(IB) using an anti-GFP antibody. (B) The percentage of GFP-EFA6R and its 
mutants bound to PI 4,5-P2 beads was calculated. Errors bars represent the 
mean +/- s.e.m, n=3 (****P <0.0001). Statistical analysis was performed using 
the non-parametric Kruskal-Wallis statistical test. 
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5.3.5. EFA6R isoform A specifically activates Arf6 in the SEC7 domain 
dependent manner 
 
In order to determine whether EFA6R functions as an Arf6-specific GEF, we 
co-transfected GFP-EFA6R isoform A and B, GFP-EFA6A or GFP plasmids 
with either HA-Arf1 or HA-Arf6 in HEK293 cells. Arf activation was then 
analysed using the GST-GGA3 VHS-GAT (GST-Arf effector) pulldown assay 
which solely binds active GTP-bound conformation of Arfs (Dell'Angelica et 
al. 2000a). Immunoblotting with Anti-HA antibody revealed the total 
expression of Arf1 and Arf6 in the cells whereas the active GTP-bound Arfs 
could only be detected in cells co-transfected with HA-Arf6 and EFA6R (both 
isoforms A and B) or EFA6A whereas no active Arf1 could be detected (Figure 
5.5A). This confirms that the EFA6 family are Arf6 (and not Arf1) specific 
GEFs. Next, we co-transfected HEK293 cells with Arf6 and various EFA6R 
spice variant A deletion or point mutant constructs (Figure 5.5B) in order to 
see which domain is essential for the EFA6R GEF activity. A significant 
reduction in the GEF activity was observed with expression of EFA6R ∆SEC7 
(***P < 0.0004), the catalytically inactive SEC7 mutant E682K and ∆PH 
(****P <0.0001) and the construct with only the N-terminal region of EFA6R 
isoform A (***P <0.0007). With the EFA6R ∆CC expression, we detected 
active Arf6-GTP but at reduced levels, however this was not statistically 
significant. These data imply that EFA6R isoform A GEF activity is 
dependent on plasma membrane localisation (via PH domain) and a 
functional SEC7 domain.  
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Figure 5.5. In vitro analysis of EFA6R activation of Arf6. (A) HEK293 cells 
were transfected with either HA-tagged Arf1 or Arf6 and either GFP-EFA6R, 
GFP-EFA6A or GFP empty vector. Following 2 days incubation, the cells were 
serum starved for 2 hours and lysed and the GTP-bound Arf proteins were 
precipitated from the lysates using the GST-Arf effector magnetic beads. The 
active GTP-bound Arf proteins and lysates (total Arf) were analysed by 
immunoblotting (IB) using an anti-HA antibody. The lower panel shows the 
corresponding quantitative data for figure above. (B) The EFA6R isoform 
Aand its deletion and mutation constructs were expressed in HEK293 cells 
and the GEF activity of these constructs were analysed by pulldown of 
endogenous Arf6-GTP. The GST-Arf effector pulldown (active Arf6) and 
lysates (total Arf6) were analysed by immunoblotting using an anti-Arf6 and 
the corresponding quantitative data displayed. Errors bars represent the 
mean +/- s.e.m, n=3 (****P <0.0001). Statistical analysis was performed using 
the non-parametric Kruskal-Wallis statistical test.  
 

5.3 6. EFA6R isoform A induces re-organization of actin cytoskeleton through 
Arf6 activation.  
 
Upon activation by its GEFs, Arf6 translocates from the endosomes to the 
plasma membrane where it controls membrane trafficking and  
reorganization of the actin cytoskeleton (Myers and Casanova 2008, Cotton 
et al. 2007, Humphreys et al. 2013b). (Kanamarlapudi 2014b) has previously 
shown that the EFA6R isoform B activates Arf6 and causes reorganization of 
the actin cytoskeleton, which is an indicative for the activation of endogenous 
Arf6 by EFA6R isoform B. Here, we aimed to confirm that EFA6R isoform A 
is also able to modulate actin re-organisation through Arf6 activation. In 
addition, by using an actin binding probe conjugated to the red-orange 
fluorescent dye, tetramethylarhodomine (TRITC), we aimed to see whether 
exogenously expressed EFA6R is able to modulate actin re-organization 
through activation of endogenous Arf6. For these purposes, we initially co-
transfected pmCherry tagged Arf6 with GFP tagged EFA6R and its various 
deletion constructs in HeLa cells and assessed their subcellular localisations 
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using immunofluorescence (Figure 5.6). The exogenously expressed Arf6 
showed strong the plasma membrane localisation in the cells co-expressing 
GFP-EFA6R, GFP-EFA6R ∆N548 and the weak localisation in EFA6R ∆CC 
expressing cells. In contrast, EFA6R ∆Sec7, GFP-EFA6R ∆PH and ∆N548 
failed to translocate Arf6 to the plasma membrane. These findings are similar 
to previous studies that shown the Sec7 domain (which is required for Arf6 
GEF activity) and the PH domain (which is responsible for PIP2 binding at 
the plasma membrane) of EFA6R isoform B are critical components for 
modulating the Arf6 activation and thereby its localisation to the plasma 
membrane. To assess the effect of EFA6R activation of the endogenous Arf6 
on actin re-organization, we simply transfected HeLa cells with EFA6R and 
its various deletion or point mutants encoding constructs and observed that 
actin filaments clearly assembled at the plasm membrane (cortical actin) only 
in HeLa cells expressing GFP-EFA6R isoform A, GFP-EFA6R ∆N548 (isoform 
B) and EFA6R ∆CC. However, the loss of actin stress fibres were not observed 
in cells expressing GFP-tagged EFA6R ∆Sec7, EFA6R ∆PH and EFA6R N548. 
Overall these data suggest that the Sec7, PH and to a lesser extent, the CC 
domain mediate Arf6-dependent loss of actin stress fibres and actin re-
organization at the plasma membrane.  
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Figure 5.6. Analysis of the role of EFA6R in Arf6 localisation and actin re-

organization by immunofluorescence. GFP-tagged EFA6R and its various 
deletion constructs were co-transfected with pmCherry-Arf6 in HeLa cells. 
Following 2 days of transfection, the cells were serum starved, fixed with 4% 
paraformaldehyde, permeabilized with 0.2% Triton X-100 and where 
required, the cells were incubated with TRITC-phalloidin (1:3000 dilution) to 
stain actin. Prior to imaging using a confocal microscope, the cells were 
stained with the DNA stain DAPI. The images are representatives of 40-60 
transfected cells from two different cell preparations. 
 

5.3 7. The EFA6R isoform A function in HEK293 cells  
 
Following the observation of endogenous EFA6R isoform A in HEK293 cell 
lines, we looked more closely at the functional relevance of EFA6R in these 
cells. In order to determine whether endogenously expressed EFA6R isoform 
A in HEK293 cells is membrane bound, we performed membrane 
fractionation using differential centrifugation to separate the membrane and 
cytoplasmic cell fractions (Figure 5.7A). Upon analysis of the isolated cell 
fractions, we observed that > 90% of EFA6R expression was distributed in the 
membrane fraction in comparison to the cytosolic fraction. Here, we used anti-
a-tubulin and anti-EGFR as loading controls for the cytosolic and membrane 
fractions, respectively. To further verify that EFA6R isoform A expression is 
present in HEK293 cells, we showed that the approximately 150kDa band 
(corresponding to EFA6R) was significantly reduced upon transfection with a 
panel of EFA6R siRNAs (Figure 5.7B). However, the universal scrambled 
siRNA control (siRNA) failed to knockdown the expression of EFA6R, hence 
confirming the expression of the larger EFA6R isoform in HEK293 cells. 
Following observations of EFA6R knockdown by siEFA6R 1 and siEFA6R B 
(an EFA6R isoform A specific siRNA), we looked to see whether EFA6R 
downregulation reduce the endogenous Arf6 activation, which was assessed 
by GST- GST-Arf effector pulldown assay (Figure 5.7C). Endogenous Arf6 
(and not Arf1) activity was reduced in HEK293 transfected with siEFA6R 1 
and siEFA6R B, hence further confirming previous findings that both EFA6R 
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isoforms function as Arf6-specific GEFs. Having shown the presence of 
EFA6R isoform A and its ability to function as an Arf6-specific GEF, we 
finally set out to see whether theArf6 activated through EFA6R is able to 
mediate β-1 integrin surface expression in HEK293 cells (Figure 5.6E and F). 

Previous studies have shown that Arf6 deletion abolishes b1 integrin 
recycling. Knockdown of Arf6 GEFs (GEP100, EFA6B and EFA6D and GRP1 
inhibited b-1 integrin recycling, suggesting that Arf6-mediated b-1 integrin 
recycling depends upon multiple Arf6 GEFs (Hongu et al. 2015). Here, we 
initially characterized siArf6 and siArf1 by observing a significant reduction 
in endogenous Arf6 and Arf1 expression in HEK293 transfected with siArf6 
and siArf1, respectively (Figure 5.6D). Next, we transfected with either the 
EFA6R or Arf siRNAs in HEK293 cells and analysed the percentage loss of 
surface b-1 integrin expression using flow cytometry (Figure 5.6 E). Following 
EFA6R depletion with siEFA6R 1 and siEFA6R B, the surface expression of 
b-1 integrin was reduced by 17% (± 1.4, n = 3) (*P < 0.02) and 1.6% (± 2.3, n = 
3) respectively. We also directly knocked down endogenous Arf6 and Arf1 
through siRNA and showed a modest reduction of b-1 integrin surface 
expression by 11.3 % (± 4.05, n = 3) and 10.3% (± 1.56, n = 3). (Figure 5.6F). 

But the siArfs failed to reduce b-1 integrin cell surface expression. This result 
tentatively demonstrates that in HEK293 cells, b-1 integrin expression is 
mediated by EFA6R but not its effector, Arf6.  
  



 222 

 

 
 
 



 223 

 
 
 
 

(E) siEFA6R 1 siEFA6R B

siARF6 siARF1

(F)

siC
on

tro
l

siE
FA6R

 1

siE
FA6R

 V
AS

siA
RF6

siA
RF1

0

20

40

60

80

100

%
 S

ur
fa

ce
 β

1 
in

te
gr

in

ns

* P < 0.02

siControl

β- 1 integrin

β- 1 integrin

β- 1 integrin



 224 

Figure 5.7. Membrane bound endogenous EFA6R, functions as an Arf6 

specific GEF in HEK293 cells. (A) HEK293 cells were mechanically disrupted 
to get whole cell lysate and then the cell lysate separated using 
ultracentrifugation into cytosolic and membrane fractions, which along with 
whole cell lysate were subjected to immunoblotting using an anti-EFA6R, an 
anti-a-tubulin (as marker for cytosolic fraction) and an anti-EGFR (as the 
marker for the plasma membrane fraction) antibodies. (B) HEK293 cells were 
transfected with siControl, siEFA6R 1, siEFA6R 2, siEFA6R 3 or siEFA6R B 
for 4 days. The cell lysates were immunoblotted with an anti-EFA6R and an 
anti-b-Actin (loading control) antibodies. (C) Following knockdown of EFA6R 
by siEFA6R 1 and siEFA6R B, HEK293 cell lysates were analysed by 
pulldown of GTP-bound Arf1/6. The GST-Arf effector pulldown (active Arf) 
and lysates (total Arf) were analysed by immunoblotting using an anti-Arf6 
and an anti Arf1 antibodies. (D) siRNA mediated knockdown of Arf1 and Arf6 
in HEK293 cells. (E) Flow cytometry analysis of b-1 integrin expression. Data 
in figure A was conducted once; in figure B, C and D are n=3 and in E and F, 
n=2 where errors bars represent the mean +/- s.e.m. Statistical analysis using 
the non-parametric Kruskal-Wallis statistical test. 
 

5.3.8. Analysis of EFA6R expression in ReN cells  
 
ReNcell VM cells (obtained from Millipore) are immortalized human neural 
stem cells. Upon b-FGF and EGF withdrawal, these cells have the ability to 
undergo differentiation from neuron stem cells into dopaminergic neurons, 
astrocytes, and oligodendrocytes, thus creating a neuronal cell system (Pai et 
al. 2012). We have shown in section 5.3.2 that these cells express EFA6R 
isoform A. Recent studies have implicated Arf6 in regulating neurite 
outgrowth of hippocampal neurons (Miura et al. 2016) and regulating 
dendritic spine formation in developing neurons (Kim et al. 2015). Hence we 
aimed to see what role EFA6R (an Arf6-specific GEF) plays in 
undifferentiated and differentiating ReN cells. Using phase contrast 
microscopy, we observed, as expected, loss of cell proliferation and clear cell 
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morphological changes (such as contraction of the cell body and beginning of 
neurite outgrowth) when ReN cells were deprived of bFGF and EGF in the 
medium for 3 days (Figure 5.8A). These changes were linked to significant 
variation in the expression of EFA6R in differentiating cells (Figure 5.8B). 
When compared to that in undifferentiated ReN cells, EFA6R isoform A 
expression in ReN cells was reduced by ~ 50% within 6 days, and ~90% within 
12 days of differentiation. On day 30 of differentiation, EFA6R expression 
was completely abolished, a significant loss of Nestin expression – a 
molecular marker of neuronal cells – was also observed indicating that cells 
were differentiated. Next, in order to elucidate the importance of EFA6R in 
differentiating ReN cells, we assessed suitability of various methods to 
transfect siRNA into undifferentiated ReN cells (Figure 5.9). Transfection of 
siRNA into the ReN cells through chemically based transfection reagent 
JetPrime did not yield a significant loss of EFA6R expression (Figure 5.9C). 
Since electroporation worked in transfecting ovarian cancer cell lines in the 
previous results chapter, we used the same method to introduce siRNA into 
these cells. Initially, we optimised the use of the Neon transfection system by 
using more than 10 different parameters recommended by the manufacturer 
(Thermo Fisher Scientific) (Figure 5.9D) and observed that using 3 pulses of 
1600 volts for a duration of 10ms, gave the optimal transfection efficiency of 
GFP plasmid (pEGFP-N1) (67%). Therefore, we used these parameters to 
transfect siEFA6R 3 and siEFA6R B into ReN cells and observed an ~ 8-fold 
and ~14-fold decrease in EFA6R expression by siEFA6R 3 and siEFA6R B, 
respectively (Figure 5.9 E). Upon EFA6R knockdown in ReNCells, we 
observed a reduction of Arf6-GTP levels (~ 1.5-2.5-fold decrease). Since 
EFA6R expression goes down during ReN cell differentiation, we also 
analysed Arf6 activation levels simultaneously in the differentiated cell. 
During the 6-day differentiation time course, we saw a significant reduction 
in EFA6R expression and a modest < 1-fold reduction of Arf6-GTP levels 
(Figure 5.9F). This indicated that EAF6R may regulate ReNcell 
differentiation in a GEF dependent manner, but also highlights the potential 
involvement of other Arf6 GEFs during differentiation. In undifferentiated 
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ReN cells, following our preliminary expression analysis of the cytohesin GEF 
family (by immunoblotting) and EFA6 family (by qPCR) (Figure 5.8G and H), 
we found the expression of Cytohesins 2-4 and tentatively the absence of 
EFA6A-C in these cell lines. Overall, our initial assessments of EFA6R 
expression in ReN cells are that this protein is significantly reduced during 
differentiation of these cells, corresponding to clear morphological changes to 
the cells. However, EFA6R expression loss (both through siRNA-mediated 
knockdown or the natural differentiation progression) does not seem to 
significantly alter Arf6 activation, suggesting the presence of other Arf6 
GEFs in these cells.  
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Figure 5.8. Membrane bound endogenous EFA6R, functions as an Arf6 

specific GEF in ReN cells. (A) ReN cells were grown to ~ 80-90% confluency 
and then deprived of growth factors bFGF and EGF. The resulting 
morphological changes associated with differentiation of these cells on days 
6, 12, 18, 24 and 30 were observed by phase contrast microscopy. (B) EFA6R 
expression was assessed in undifferentiated (UD) and 3-30 days 
differentiated (Dif) ReN cells. Here, on each specified day, ReN cells were 
lysed using TRI-reagent and the lysates separated by 10% SDS-PAGE, 
transferred onto a PVDF membrane and probed with an anti-EFA6R, anti-
Nestin and anti-b-actin (loading control) antibodies. (C) ReN cells were 
chemically transfected with a panel of EFA6R siRNA and the lysates 
subjected to immunoblotting (IB). (D) Transfection of GFP plasmid in ReN 
cells was conducted by electroporation using 11 different parameters to find 
the optimal parameter with the highest, viable transfection efficiency. Here, 
following electroporation, the cells were plated on matrigel coated 13mm 
cover slips. Following 2 days of transfection, the cells were washed with PBS, 
fixed with 4% PFA and stained with DAPI (0.1µg/ml). This was followed by 
visualization of the cells by confocal microscopy. (E) Electroporation of 
siEFA6R 3 and siEFA6R B in ReN cells using the previously optimized 
transfection parameters. Following transfection of ReN cells using 200nM 
siRNA, the cells were incubated for 4-days and ½ of the cells were lysed and 
the GTP-bound Arf6 proteins were precipitated from the lysates using the 
GST-Arf effector magnetic beads. The active GTP-bound Arf6 protein and 
lysates (total Arf6) and EFA6R expression were analysed by immunoblotting 

using an anti-Arf6 and an anti-EFA6R, and anti-b-actin (loading control) 
antibodies. (F) Ren cells were deprived of growth factors to induce 
differentiation for up to 9 days. On days 0, 3, 6 and 9, the cells were lysed 
using the same method as Figure 5.8E. (G) Expression profile of Cytohesins 
1-4 at protein level – indicated by black arrow - (using immunoblotting with 
the anti-cytohesin 1-4 and anti-b-actin [loading control] antibodies) and EFA6 
family at mRNA level (using qPCR) in ReN cells. 
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5.4 Discussion 
 
Here we expanded on our previous studies on EFA6R isoform B by analysing 
the expression and localisation of EFA6R isoform A in tissues and cell lines. 
This resulted in identification of the EFA6R isoform A expression in cell lines 
such as HEK293 and ReN cells but not in any human tissues analysed. By 
using various EFA6R deletion and site-directed mutant constructs, we 
showed that first of all EFA6R is an Arf6-specific GEF. EFA6R GEF activity 
depends on its catalytic Sec7 domain and its ability to localise to the plasma 
membrane through the association of the PH domain with inositol lipid PI-
4,5-P2 in the membrane. Furthermore, we showed that EFA6R is able to 
regulate Arf6 localisation and induce the loss of actin stress fibres through 
regulation of Arf6 activation. Analysis of EFA6R in HEK293 cells revealed 
that depletion of EFA6R reduces Arf6-GTP levels. Furthermore, this 
tentatively corresponded to loss of surface β1 integrin expression. Finally, the 
expression analysis of EFA6R was also conducted in ReN cells where we 
showed that EFA6R isoform A expression decreases in differentiated cells 
when compared to that in undifferentiated cells. The knockdown of EFA6R 
isoform A by using siEFA6R had no effect on Arf6-GTP levels, suggesting an 
alternative, unknown, Arf6-independent role for EFA6R in differentiating 
ReN cells. 
 
In mammals, the exchange factor for Arf6 (EFA6R) is present in many 
isoforms; five in mice and two in humans (Fukaya et al. 2016, Kanamarlapudi 
2014a). In this study, we attempted to characterise these two isoforms from 
human, referred to as EFA6R isoform A which corresponds to an ~150kD 
band observed in neural progenitor ReN cells and HEK293 cells and EFA6R 
isoform B – the predominant variant of EFA6R that corresponds to a 
molecular band of 37-50KDa. EFA6R shares a common domain organization 
with other EFA6 family members which consists of a SEC7 domain (named 
after the gene product of Saccharomyces cerevisiae), which bears the catalytic 
GEF activity, the PI lipid binding PH domain and the CC domain, which 
known to play a role in protein-protein interactions. In addition, some 
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members contain an extended N-terminal domain. The Sec7 domain of the 
EFA6R (both isoforms) shows identity at the amino acid level 60-70 % to other 
EFA6 family and only ~30-35% to the Sec7 domain of the cytohesin  family of 
Arf GEFs (Derrien et al. 2002). Similarly, EFA6R PH and CC share sequence 
homology to the rest of the EFA6 family. Previous studies on particularly 
EFA6A have shown that the presence and functioning of the PH domain is 
responsible for the plasma membrane localisation of EFA6A. An integral part 
of this localisation is its binding affinity with P I4,5-P2 (Macia et al. 2008). 
Similarly, the PH domain of the smaller EFA6R isoform (isoform B) has been 
shown to be responsible for the plasma membrane localisation by interacting 
with the phosphatidylinositol (PIs) P I,4-5,-P-2. In addition, (Kanamarlapudi 
2014b) also showed that CC domain within the C-terminal region contributes 
to the stabilisation of EFA6R at the plasma membrane and cytoskeleton 
rearrangements. Previously,  (Kanamarlapudi 2014b) investigated the 
functional role and cellular localisation of the EFA6R isoform  B whereas this 
study set out to investigate the expression, localisation and functional 
relevance of the large isoform both exogenously and endogenously.  
 
To investigate the functional significance of the Sec7, PH and CC domain we 
constructed various GFP-tagged EFA6R mutant and deletion constructs. 
Cellular localisation studies showed that EFA6R PH mutant constructs GFP-
EFA6R R827E, GFP-EFA6R K828E and GFP-EFA6R R827E/K828E failed to 
localise the plasma membrane. This was due to their failure in binding to PI 
4,5-P2. The deletion construct GFP-EFA6R ∆CC showed weak plasma 
membrane localisation and the catalytically inactive GFP-EFA6R Sec7 
domain was able to localise to the plasma membrane. Taken together, these 
findings demonstrate the importance of a functional PH domain for EFA6R 
localisation. The localisation of EFA6R at the plasma membrane is essential 
to its GEF-dependent and GEF-independent activities. Before analysing the 
importance of various domains within EFA6R isoform A for the activation of 
Arf6 (Arf6-GTP), we first established that EFA6R is an Arf6-specific GEF. 
For this, we co-expressed Arf6 or Arf1 with EFA6R or EFA6A and showed 
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that only Arf6-GTP levels were significantly increased, and not Arf1-GTP 
levels. We then analysed the endogenous Arf6-GTP levels in cells with 
various EFA6R deletion and mutant constructs described above. This 
analysis revealed that the catalytically inactive mutant GFP-EFA6R (E682K) 
and the Sec7, PH and N-∆548 deletion constructs were inefficient in 
activating Arf6. The ∆CC construct was to able (but not to the same extent as 
EFA6R WT) to activate Arf6. Overall, these data showed that EFA6R GEF 
activity is dependent upon its ability to localise to the plasma membrane, 
whereby it can then function as an Arf6-specific GEF. This plasma membrane 
localisation and subsequent the GEF activity is also supported by the CC 
domain.  
 
We next investigated the role of EFA6R on re-organization of the actin 
cytoskeleton through its ability activate Arf6 at the plasma membrane. 
Previous studies have demonstrated that the ability of Arf6 to effectively 
modulate the actin cytoskeleton during many cellular processes depends on 
its activation (Marchesin, Montagnac, and Chavrier 2015). By overexpressing 
the various EFA6R deletion and point mutants in HEK293 cells, we found 
that Arf6 translocation to the plasma membrane and loss of actin stress fibres 
is induced by EFA6R  mutants that contain both the Sec7 (required for the 
catalytic activity) and PH domain (essential for the membrane localisation). 
In contrast, the expression of the Sec7, PH or ∆N548 deletion mutants 
abolished Arf6 translocation to the plasma membrane and hence did not alter 
the actin cytoskeleton. 
 
Previous work has implicated Arf6 in the endocytic pathway and its ability to 
modulate actin-reorganization as essential parts of endosomal compartment 
formation during the internalisation of b1-ntegrins and cell motility (Brown 
et al. 2001, Powelka et al. 2004b). Furthermore, siRNA mediated knockdown 
of Arf6 has been shown to reduce the surface pool of b-1 integrin and inhibit 
cell attachment (Dunphy et al. 2006a). It has also been shown that Arf6 
activation alters b-1 integrin cell surface levels (Eva et al. 2012b). These 
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results together suggest that internalisation of b-1 integrin is mediated by 
the activation of Arf6 at the plasma membrane. Since we have shown in intact 
cells that EFA6R is an Arf6-specific GEF, we wanted to see whether EFA6R 
depletion has any effects on Arf6-GTP levels and thereby the surface pool of 
b-1 integrin in HEK293 cells. Since the localisation of endogenous EFA6R 
isoform A has not been conducted before, we analysed its expression sub-
cellular fractions of HEK293 cells and showed that EFA6R large isoform is 
predominantly membrane bound. Further, in our initial standardisation of 
siEFA6R mediated knockdown of EFA6R, we showed that the 150kDa 
molecular band observed is in fact isoform A. Next, we depleted endogenous 
EFA6R expression using siRNA and showed that Arf6-GTP activation was 
reduced but only by 2-3 folds – implicating other potential Arf GEFs in 
HEK293 cells maintaining Arf6-GTP levels. Further, EFA6R depletion by 
using siEFA6R 1 and siEFA6R B in HEK293 cells resulted in modest 
reduction in surface expression of b-1 integrin. Also, the siRNA-mediated 

knock down of endogenous Arf6 and Arf1 showed a slight reduction in b-1 
integrin surface expression in HEK293 cells. Based on these results, we 

cannot conclusively say that Arf6 or Arf1 is involved in internalisation of b-1 

integrin. Although we saw a modest reduction in b-1 integrin cell surface 
expression following EFA6R depletion, these results could not be replicated 
with a second siRNA that targets only the isoform A. In addition, it could be 
that EFA6R mediation of b-1 integrin could also follow an Arf6-independent 
pathway. These issues need to be further investigated to get some clarity on 
the role of EFA6R in b-1 integrin internalisation (see future work section for 
further discussion in this regard). 
 
Finally, we began to establish a functional role for EFA6R in undifferentiated 
and differentiating ReN cells. We saw that upon growth factor deprivation, 
the ReN cells begin differentiating into neuronal cells within 3 and 6 days. 
This corresponded with reduction of EFA6R expression. However, the 
reduction of EFA6R had no significant effects on Arf6-GTP levels. This was 
not surprising given the number of GEFs that also control Arf6 activation and 
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are also present in undifferentiated ReN cells. Indeed, we showed that the 
cytohesin family of GEFs were present in undifferentiating ReN cells (Figure 
5.8G and H). Furthermore, upon knockdown of EFA6R in these cells, we did 
not see any changes to Arf6-GTP levels, again showing that EFA6R could 
potentially also have an Arf6-independent function in undifferentiated and 
differentiating ReN cells.   
 

5.5 Future work  
 
Thus far, two EFA6R isoforms have been discovered in humans. The EFA6R 
isoform A was the main object of this chapter. The significant difference 
between isoform A and isoform B is the additional 548 amino acid N-terminal 
region in isoform A which thus far have not been found to contain any well-
known motifs. Recent studies however have identified that dynamin 2, which 
induces membrane scission to produce free endocytic vesicles, recruits to the 
site through biding to the N-terminal region of EFA6B and thereby initiate 
Arf6 activation through EFA6B (Okada et al. 2015a). In addition (Okada et 
al. 2015a) also showed that EFA6R is able to interact with dynamin. Future 
research should look into the significance of the N-terminal region of EFA6R 
as it is potential to interact with dynamin 2 and the importance of EFA6R-
dynamin 2 interaction in Arf6 activation. To achieve this, various GFP-tagged 
deletion mutants of EFA6R with or without the N-terminus will be generated 
and co-expressed with an epitope-tagged dynamin 2 and their interactions 
can be assessed by immunoprecipitation, immunofluorescence and GST-Arf 
effector pulldown assays.  
 
Our functional analysis of EFA6R isoform A in HEK293 cells were limited in 
various ways. We observed discrepancies between the depletion of siEFA6R 
1 and siEFA6R B on b-1 integrin expression. Whereas the cells transfected 

with siEFA6R 1 potentially show a reduction of b-1 integrin, siEFA6R B-
mediated knockdown did not. This could be due to the unconfirmed presence 
of other EFA6R isoforms, as siEFA6R 1 targets the C-terminal region of all 
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EFA6R isoforms whereas siEFA6R B targets only the of isoform A through 
its N-terminal region. Therefore, further assessment of change in b-1 integrin 
cell surface expression as a result of EFA6R knockdown is essential. These 
studies should be complemented with exogenous expression of EFA6R and its 
various constructs to see their role in regulating b-1 integrin expression at 
the cell surface. In addition, although previous studies have implicated Arf6 
in the internalisation and recycling of b-1 integrin (Hongu et al. 2015), here 

we failed to see a significant reduction in b-1 integrin cell surface expression 

as a result of siArf6 treatment. To delve further into the role of Arf6 in b-1 
integrin surface expression loss, we could express the dominant negative 
(T27N) and constitutively active (Q67L) mutants of Arf6 to see whether it 
regulate b-1 integrin internalisation in based on its activation or inactivation 
status.  
 
In this study, we have ReN cells found that EFA6R expression is gradually 
reduced during the course of ReNcell differentiation from stem to neuronal 
cells. Nestin is a well-established stem cell antibody (Suzuki et al. 2010) 
whereas MAP-2 has been shown to be significantly upregulated in neutrite 
and neuronal cell bodies (Choi et al. 2014). Future studies shall utilize these 
key markers to look at whether siRNA mediated knockdown of EFA6R results 
in reduction of Nestin and/or increase in MAP2 expression in undifferentiated 
ReN cells to see whether absence of EFA6R is prerequisite for the 
acquirement of differentiation markers. Furthermore, we have yet to 
establish fully the numerous Arf6-specific GEFs that could compensate for 
the loss of EFA6R expression during differentiation.  
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Chapter 6: Final Discussion 
 
Epithelial Ovarian Cancer (EOC) is a heterogeneous disease, composed of 
different histology subtypes whereby each differs in pathogenicity and 
behaviour. As EOC becomes more aggressive in stages and gradings, the 
expression of Exchange factor for Arf6 (EFA6) R is found to be decreased – 
potentially highlighting this Arf6 activator as a candidate tumor suppressor 
gene. Initial gene expression analysis by (Pils et al. 2005b) in patient tissues 
(majority of them being of Serous histology) and several ovarian 
adenocarcinoma cell lines including MDAH-2774 (Endometroid), ES2 (Clear 
cell), SKOV-3 (Low-grade Serous) and OVCAR3 (High-grade Serous) found 
that EFA6R was particularly low in tumours of higher grade, potentially 
reflecting the loss of this gene as a relatively late event in EOC. The 
expression loss of EFA6R also had an apparent impact on survival of EOC 
patients. Before these findings, EFA6R (also referred to as Pleckstrin and 
Sec7 domain containing 3 (PSD3) and Hepatocellular Carcinoma-Associated 
Antigen 67 (HCA67) was identified as an oncogene – given its abnormal high 
expression in colon tumours (Wang, Han et al. 2002). These findings 
highlighted an unsurprising (due to the heterogenesity of cancer) key concept, 
that EFA6R is diferentially expressed in cancer types.  
 
This study builds on these previous findings and aimed to answer the 
following questions: (1) what is the expression of EFA6R in different cancer 
types (relative to the healthy) and (2) is EFA6R expression significantly 
downregulated in Ovarian cancer cell lines and tissues? 
 
To answer these questions, we utilised commercially available cDNA arrays 
to analyse the expression of EFA6R in different cancer types, with particular 
focus on its expression in ovarain cancer. We observed <10 fold increases in 
EFA6R expression in prostage, kidney, colon, thyroid and lung cancers. 
However these must be interpreted with caution  due to a small sample size. 
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By means of a larger cohort of cancer tissues we may find significant evidence 
that EFA6R functions as an aggressive tumour surpressor gene in these 
cancer types. In breast cancer tissues, however, we noticed an ~ 40-fold 
increase in EFA6R expression. Indeed in the highly metastatic breast cancer 
cell line MDB-MB-231 and to a lesser extend the non-invasive breast cancer 
cell line MCF-7, we saw increases in EFA6R at the protein level. EFA6R is 
part of a wider family of Arf6-specific Guanine Exhange Factors (GEFs) which 
include the EFA6 family (EFA6A-D), cytohesin 1, cytohesin 2/ARNO and 
cytohesin 3/Grp1 and GEP100/BRAG2. Some of these GEFs are likely due to 
be found to be indispensable to tumour growth and invasion – a scenario 
which is highly probable given that Arf6 expression has been found to be 
increased in prostate, panceatic, gastric and renal cancer  (Morgan et al. 2015, 
Liang et al. 2017, Zhang et al. 2015, Hashimoto et al. 2016). The role of  
GEP100 in breast cancer is well established. Its abnormal high levels in 
breast cancer cell lines (a consequence of epidermal growth factor (EGF) 
overstimuation), which activates Arf6 – leading to cancer invasion (Morishige 
et al. 2008). Interestingly, (Morishige et al. 2008) also found that, only 
knockdown of GEP100, significantly blocked matrigel invasion of breast 
cancer cells (MDB-MB-231). This could mean that EFA6R may play other 
functional roles in breast cancer cells. One such role could be in 
macropinocytosis – the actin-dependent process initiated fom surface 
membrane ruffles that fold back onto themselfes , engulfing exosomes and 
forming large endocytic vacuoles (Lim and Gleeson 2011). Since this process 
involves actin reorganization and membrane ruffling – two physiological 
processes that are tightly regulated by Arf6 (Kanamarlapudi 2014a, Santy, 
Ravichandran, and Casanova 2005), further research may show that elevated 
EFA6R and Arf6 expressions in breast cancer contribute to the formation of 
macropinosomes.  
 
In contrast to elevated levels of EFA6R in breast cancer tissues, we observed 
a significant decrease in its expression in Ovarian and Liver tissue samples. 
We followed these results by expanding our analysis into EFA6R expression 
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in ovarian cancer tissues – using a larger cDNA array -  and showed a 
significant decrease in overall expression in cancer tissues. By looking at 
individual ovarian cancer histologies and their stages, we saw that in all EOC 
histologies, EFA6R expression decrease correlated with increases in cancer 
stages. Further research should look look into whether EFA6R can therefore 
be used as a early universal biomarker for EOC progression. Particularly 
when current attempts at early detection of ovarian cancer through serum 
detection of CA125 and the use of transvaginal ultrasonography have not 
significantly reduced mortality rates (Jacobs et al. 2016).  
 
We continued to focus on one particular histology group (Serous ovarian 
cancer) for EFA6R expression analysis. Serous ovarian carcinoma is 
responsible for ~ 70% of EOC (Seidman et al. 2004). The most aggressive sub-
type is HGSC, which accounts for 90% of these serous carcinomas and two-
thirds of all ovarian cancer deaths, making it the most extensively studied 
ovarian carcinoma (Bowtell 2010, Gershenson et al. 2006). Our analysis of 
EFA6R expression in serous adenocarcinoma extended to TMAs where we 
saw that highly malignant and undifferentiated tissue cores displayed a lack 
of EFA6R staining – most likely due to the plasticity of the cancer in changing 
the healthy epithelial structure of the tissues and cells.  Nevertheless, we saw 
a gradual decrease in EFA6R staining from grade I to II and a complete 
absence of it in grade III – suggesting that the more aggressive and 
metastatic a serous cancer type, the more likely it is to find EFA6R expression 
absent. Finally, when we examined lysates from ovarian cancer tissues and 
saw that in all but one cases (6 out of 7 EOC tissue lysate samples), EFA6R 
downregulation was evident. In cell lines we saw EFA6R expression decrease 
in some cell lines such as OVSAHO (high-grade serous), COV318 (high-grade 
serous, TOV21G (clear cell), SKOV-3 (Low-grade serous), while in CAOV3 
(high-grade serous) and OVCAR3 (high-grade serous) we saw EFA6R 
expression akin to normal levels. It is worth noting that these cell lines have 
recently been verified to resemble their tumours of origin by means of 
genomic and proteomic analysis (Domcke et al. 2013, Beaufort et al. 2014, 
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Coscia et al. 2016). Therefore, the differential EFA6R expression – 
particularly – between high-grade serous cell lines can be attributed to the 
heterogeneity of mutations even amongst the same sub-type of EOC. 
Naturally, this can lead to a fundamental problem of relevance in that may 
not resemble its tumour of origin. However even in our cDNA tissue array 
samples, we did see healthy samples with high and cancer samples with low 
EFA6R expression. Hence, for the purposes of providing a groundwork for 
future research – which should involve using tumour cells derived from ascitic 
fluids - for now, we deemed using cell lines as appropriate models to observe 
EFA6R expression and undertake studies into the reasons of its 
downregulation and phenotypic consequences of such absence in ovarian 
cancer cells.   
 
Overall in chapter 3, we analysed the expression of EFA6R in a panel of 
cancer types and found that in ovarian cancer, EFA6R is significantly 
downregulated. Next, we posed another short yet complex question: How does 
EFA6R downregulation occur in cell lines of serous adenocarcinoma origin? 
DNA methylation and histone deacetylation are two common mechanisms 
that known to play important roles in down regulation of tumor suppressor 
gene expression during tumorigenesis (Robertson 2005). Following the use of 
5-Aza-Cdr (a widely used DNA methylation inhibitor) we saw evidence of 
DNA methylation in both our high-grade serous cell line OVSAHO, and low-
grade serous cell line SKOV-3. Interestingly, when we treated both cell lines 
with the histone deacetylation inhibitor SAHA, EFA6R levels remained 
unchanged in SKOV-3 cells whereas in OVSAHO cells, we saw revival of 
expression to near normal levels. Suggesting that there may not be a cross-
talk between DNA methylation and histone deacetylation in regulating 
EFA6R expression in OVSAHO cell lines. Therefore, further analysis of the 
role of the methylation status and histone modifications in regulation of 
EFA6R expression may clarify why this is the case. In addition, we 
hypothesize that due to the more aggressive nature of OVSAHO cell lines, 
compared to SKOV-3, both of these epigenetic mechanisms are utilized to 
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suppress EFA6R expression. It would be useful to utilize other HDACi or 
same class as SAHA (such as TSA) or of entirely different class such as 
Nicotinamide to further analyse patterns of histone modifications.  
 
There are some tumor suppressor genes that are directly involved in 
suppression of tumor growth and metastasis. A perfect example for this is the 
recently discovered breast cancer tumor suppressor EFA6B, which shown to 
promote an epithelial phenotype characterized by promotion of the tight 
junction proteins (Zangari et al. 2014). While the other tumor suppressors are 
mere components of cellular control pathways that inhibit proliferation in 
response to genomic instability and metabolic imbalances. In order to 
understand the functional and phenotypic role of EFA6R in ovarian cancer, 
we revived EFA6R expression (through the use of 5-Aza-Cdr) in SKOV-3 cells 
to see what role this Arf6 GEF plays in cancer cell migration and invasion. 
This strategy of restoring gene expression – through the use of demethylating 
agents has various limitations – the foremost being the widespread off target 
effects of 5-Aza-Cdr on other tumor suppressed genes. However, following an 
example of (Petrocca et al. 2006), we used EFA6R siRNA (siEFA6R) to 
suppress the revived expression of EFA6R in 5-Aza-Cdr treated SKOV-3 cells 
so that any phenotypic difference between revived EFA6R expression and 
suppressed EFA6R expression, can be attributed to EFA6R itself and not any 
other off-target effect. We chose to study the anti-metastatic effects of EFA6R 
because that EFA6R is plasma membrane localised and shown to regulate re-
arrangement of actin cytoskeleton (Kanamarlapudi 2014a). We report that 
suppression of EFA6R (following upregulation through 5-Aza-Cdr in SKOV-
3 cells) significantly attenuated cell migration (by ~60% decrease in our ibid 
migration assays and ~5-folds decrease in transwell migration assays) and 
cell invasion through matrigel (~5-fold decrease in transwell invasion). 
Therefore, we showed in this study that the absence of EFA6R expression 
significantly increases cell migration (compared to control levels) in SKOV-3 
cells.  
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In order to corroborate these findings, we are currently adopting other 
methods or gene restoration to study the role of EFA6R in ovarian cancer cell 
lines. Here, we are using G418 to generate stably transfected cell lines. Once 
stable cell colonies are identified and isolated, we will perform further assays 
and biochemical analysis to observe cell phenotype differences between 
EFA6R-negative SKOV-3 and SKOV-3 positive cells. In addition, we are also 
conducting studies using CAOV3 cell line, which represents high-grade 
serous histology, however, it is EFA6R-positive. We have already established 
that siEFA6R-mediated knockdown of EFA6R in CAOV-3 cell lines may 
potentiate cellular migration and invasion. However, these findings will need 
to be verified through further biochemical analysis. Interestingly, 
pharmological inhibition of Arf6 activation by using NAV-2729 and 
knockdown of Arf6 via Arf6 siRNA did not alleviate cell migration, suggesting 
that EFA6R mediated attenuation of SKOV-3 metastasis occurs via an Arf6-
independent pathway. Overall, our study suggests that epigenetic silencing 
of EFA6R provides one of the molecular signatures that makes EOC 
aggressive and that EFA6R contributes to the aggressive nature of SKOV 3 
cells.  
 
Alternative splicing of EFA6R yields two differently sized isoforms (larger 
isoform A and shorter isoform B), both containing a conserved Sec7, PH and 
CC motifs (Figure 6.2). The variant A also has an additional N-terminal 
region in which possible interaction protein sites may be found – based on 
similar findings in the N-terminal region of EFA6B (Okada et al. 2015b) 
(Figure 6.1). Incidentally, in our ovarian cancer cell lines, we only saw 
evidence of the shorter isoform. Only in HEK293 and ReNCells did we saw 
expression of an ~150kDa protein which we showed through siRNA 
knockdown to be the larger EFA6R variant A. Interestingly, (Morishige et al. 
2008) have also seen evidence of EFA6R isoform A in MDB-MB-231 cells. 
However, we did not see such evidence in these cells, a reason that can be 
attributed to the sensitivity of our antibody. It is difficult to say whether 
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(Morishige et al. 2008) also saw the smaller isoform since they didn’t mention 
it in their publication.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.2. Multiple EFA6R Isoforms. (A) A diagram of the intron and exon 
boundaries within EFA6R gene, showing the contribution of each exon to the 
two EFA6R isoforms they encode. Exons are shown by as grey boxes. Coding 
regions are dark shade green while non-coding regions are light green. 
Roughly, Exon 1-4 code for the extended N-terminal region of EFA6R 
isoform13 A, Exons 7-8 code for the conserved Sec7 domain, Exons 13-16 code 
for the conserved PH domain and Exon 16-17 code for the conserved CC 
domain. (B) Protein 3D structure of EFA6R isoforms showing the 
corresponding folds of the various regions of EFA6R isoforms. This predicted 
structure was obtained using I-TASSER (Iterative Threading ASSEmbly 
Refinement) online server from (Zhanglab 2018).  
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Overall, the presence of the larger isoform is not a surprise as it was initially 
discovered to encode a protein of 1004-amino acids, in the mouse brain 
(Sakagami et al. 2006). Further in situ hybridization analysis revealed that 
EFA6R was highly expressed in the hippocampal region of mice brain 
whereas other EFA6 family members differed in their spatiotemporal 
localisation. Real-time qPCR analysis of various adult mice tissues showed 
EFA6R expression is highest in the brain, eye, thymus, lung, spleen and testis 
while a lower expression in the small intestine, kidney and heart (Sakagami 
et al. 2006). However, by probing INSTA-blot human tissue blot with EFA6R 
antibody (which can recognise both the isoforms), we did not observe the 
larger isoform A in any of these tissues. Therefore, future research should 
initially verify the expression of EFA6R isoform A in mouse tissues and also 
look into using antibodies of high sensitivity to possibly detect EFA6R isoform 
A – an issue that has been reported previously in mouse tissues (Fukaya et 
al. 2016). Furthermore, analysis of cDNA arrays of mouse and human tissues 
will show whether EFA6R isoform A is present at the mRNA level. Recent 
studies into EFA6R isoforms have broadened our understanding of their 
distinct cellular/subcellular localisations and expression. In the mouse 
hippocampal CA3 region for example, isoforms with ~140 kDa molecular 
wright were predominately localized at the axon fibres of mossy fibres 
whereas a ~45 kDa band was mostly localized to cell bodies, dendritic shafts 
and spines of hippocampal pyramidal cells (Fukaya et al. 2016). Overall, 
these results suggest that EFA6R variants are functionally diverse in the 
mouse brain – a fact that may also be likely in other tissues.  
 
Previously, (Kanamarlapudi 2014a) had studied the localisation and cellular 
functions of the human EFA6R isoform B and showed that it is plasma 
membrane localised, where it regulates actin re-organization through Arf6 
activation. Here, we asked whether EFA6R isoform A is able to function in a 
similar way given the conserved Sec7, PH and CC motifs. Therefore, we 
generated various point and deletion mutants of EFA6R to further analyse 
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the functional role of the larger isoform (the details of these mutants can be 
seen in Chapter 5, Figure 5.3). 
 
The references and clues for our constructs came from previous studies into 
the functional roles of ARFGEFs. The EFA6 family members contain a Sec7 
domain, with 60-70 % similar to EFA6R each other and only ~30-35% 
identical to ARNO/cytohesin Sec7 domains (Derrien et al. 2002). (Table 7) 
 
Table 7. Sequence identity (and similarity) of Sec7, PH AND CC domains of 

EFA6R and EFA6 family.  

Sequence information was obtained from Uniprot and % identify and 
similarity analysed by pairwise sequence alignment (protein) using EMBOSS 
Needle servers of EMBL-EBI (2018). 
 
Moreover, the PH domain of EFA6R is 65-85% similar to other EFA6 
members. The CC domain. The GEF activity of the first EFA6 family, EFA6A, 
was found to be dependent on the Glu424 residue, where its substitution with 
lysine was found to inhibit nucleotide exchange activity on Arf6 (M Franco et 
al. 1999). Similarly, the GEF-defective mutant brought about as a result of 
substitution of Glu651 of EFA6B, Glu347 of EFA6C, Glu134 of EFA6R 
isoform B and also Glu156 of cytohesin 2/ARNO (ARF nucleotide-binding site 
opener), an ARF-specific GEF; all showed inhibitory effects on the activation 
of their corresponding ARFs (Michel Franco et al. 1999)(Matsuya et al. 2005). 
Consistent with this, when we mutated the conserved Glu682 of EFA6R 
isoform A to lysine (E682K), the mutant lost the ability to act as a GEF for 
Arf6. However, the localisation of EFA6R to the plasma membrane was not 
affected by E682K mutation. Similar results were observed when the whole 

 EFA6A EFA6B EFA6C ARNO Mouse EFA6R 

EFA6R Sec7 61.7 (77.6) 47.4 (63.0) 60.3 (74.5) 19.4 (34.8) 85.6 (89.5) 

EFA6 R PH 68.4 (84.2) 52.1 (66.7) 73.7 (82.5) 22.5 (38.4) 98.2 (100) 

EFA6 R CC 50.0 (71.9) 21.3 (24.6) 65.6 (81.2) 12.1 (29.3) 100 (100) 
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Sec7 was deleted from EFA6R (EFA6R ∆Sec7). Therefore, it is not the Sec7 
domain that is responsible for plasma membrane localisation. The membrane 
localisation of EFA6R is dependent on the PH domain. Previous studies with 
EFA6A and EFA6R isoform B have shown that an integral part of this 
localisation is dependent on the ability of the PH domain of these proteins 
binding to an inositol lipid PI (4,5) P2 (PIP2). Cells treatment with Ionomycin, 
which hydrolyses PIP2, leads to depletion of PIP2 levels in the plasma 
membrane and a consequence of this was EFA6A/EFA6R localisation to the 
cytosol (Kanamarlapudi 2014a, Macia et al. 2008). Here, we showed that 
mutation of the PH domain (R827E and/or K828E) affects the interaction 
between EFA6R and PIP2, and thereby make EFA6R localises to the cytosol. 
The EFA6R ∆CC deletion mutant showed a weak plasma membrane 
localisation. After demonstrating that EFA6R preferentially functions as an 
Arf6-speciifc GEF, we showed that the Sec7 domain (as evident by using the 
∆Sec7 deletion and E682K mutant constructs) is essential for the activation 
of Arf6. This activation is dependent on the membrane localisation, through 
the PH domain binding to PIP2 in the plasma membrane, which is further 
stabilised by the presence of the CC domain. When studying the functional 
role of exogenously expressed EFA6R in HEK293 cells, we found, similarly to 
the findings of (Kanamarlapudi 2014a), that EFA6R modulates the loss of 
stress actin fibres through co-localisation with and activation of Arf6. Re-
organization of the actin cytoskeleton is central to many cellular processes, 
including cell motility associated with metastasis.  
 
We finally undertook preliminary analysis of EFA6R isoform A functional 
significance in HEK293 and ReNcells. Fractioning of HEK293 cells showed 
that EFA6R is membrane bound rather than cytosolic. The presence of the 
larger isoform was further validated by siRNA-mediated knockdown of 
EFA6R. Following siRNA-knockdown of EFA6R isoform A, we showed that 
endogenous Arf6-GTP activity was also decreased, resulting in a modest 
alteration of surface b-1 integrin expression. This modest alteration could be 
explained by the presence of other GEFs that could potentially be 
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compensating for the absence of EFA6R. Recently, an in vivo study conducted 
by Hongu and colleagues showed that Arf6 is required for hepatocyte growth 
factor (HGF) dependent tumour neoangiogenesis and growth (Hongu et al. 
2015). Using Arf6 knockout mice, it was shown that Arf6 deletion abolishes 

b-1 integrin recycling. Knockdown of Arf6 GEFs (GEP100, EFA6B and 

EFA6R and cytohesin3/GRP1) inhibited b-1 integrin recycling, suggesting 
that Arf6-mediated b-1 integrin recycling depends on multiple Arf6 GEFs. 
However, their functional roles may differ as EFA6R, EFA6B and GEP100 
co-localize with b-1 integrin at the plasma membrane, whereas 
cytohesin3/GRP1 recruits transiently to the membrane by binding to inositol 
lipid PI 3,4,5-P3 (Hongu et al. 2015, Venkateswarlu et al. 1998) 
(Venkateswarlu et al. 2008). Based on these findings, and our preliminary 
data, further investigation of EFA6R/Arf6-mediated regulation of b-1 integrin 
expression is essential. Part of these studies should entail overexpression of 
the EFA6R and its point and deletion mutants to see how they regulate b-1 
integrin expression. Furthermore, in ovarian cancer cells, this may prove an 
invaluable pathway utilized prior to downregulation of EFA6R since b-1 
integrins has been shown to be involved in many ovarian cancer hallmarks, 
including tumour progression, development of angiogenesis, promote 
migration/invasion (Blandin et al. 2015). 
 
Our analysis of EFA6R isoform A in ReN cells is incomplete. Although we 
have shown that EFA6R expression is reduced during the differentiation 
process of stem into neuronal cells – with an ~50% reduction of expression 
within 6 days and a complete absence of EFA6R on day 30 of differentiation, 
we have yet to elucidate the functions of EFA6R in these cells. Admittedly, 
these findings need to be corroborated with further experimentations. In 
undifferentiated ReN cells we have shown (through siRNA-mediated 
knockdown of EFA6R) that the larger isoform is present in these cells. 
However, the reductions of endogenous EFA6R did not reduce endogenous 
Arf6-GTP levels – an indication of the presence of other Arf6-GEFs in ReN 
cells with thus far, unknown functions. Currently, we are evaluating the 
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potential of EFA6R in inducing stem-cell type characteristics. Following 
siEFA6R treatment of these cells, we are analysing Nestin and MAP2 
expression levels by qPCR. Nestin is a stem cell marker, while MAP2 has 
been shown to be only expressed in mature, differentiated neuronal cells 
(Choi et al. 2014). If we observe reduction in Nestin in conjunction with 
increases of MAP2 mRNA levels in siRNA-treated cells, we will begin to 
investigate the role of EFA6R in mediating neuronal stem cell differentiation.  
 
In conclusion, this study provides various foundations and avenues to further 
expand the knowledge of EFA6R in ovarian cancer, and its differential 
isoform expressions in HEK293 and ReN cells (A summary of the major 
findings in this study is presented in Figure 6.3). In OC research, any future 
investigations should attempt to utilize tissues derived from the ascites fluid 
of ovarian cancer patients because it represents the microenvironment in 
which tumours are harboured and allowed to become more aggressive.  
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Figure 6.2. Diagram summarizing all major findings. (1) EFA6R isoform B 
expression is significantly downregulated in EOC tissues and cell lines. (2) 
This downregulation is epigenetically controlled; Re-expression of EFA6R 
isoform B via a demethylating drug 5-Aza-Cdr reduced cell migration and 
invasion via an Arf6 independent pathway. (3) EFA6R isoform A expression 
was observed in ReN and HEK293 cells; in the former its expression 
decreases as ReN stem cells are differentiating into neurons. In the latter, 
exogenous and endogenous studies showed that EFA6R isoform A localises to 
the plasma membrane via its PH domain (and its presence is stabilized via 
the CC domain). There, it functions as an Arf6 GEF via its Sec7 domain – 
regulating re-organization of the actin cytoskeleton and possibly being 
involved in regulating of b-1 integrin cell surface expression.  
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