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Summary 

Gastro-oesophageal cancers are associated with poor survival in patients, due 

to their aggressive nature, late-stage diagnosis, and a lack of specific targeted 

therapies. The development of new therapeutics will prove crucial to improve 

mortality rates. This thesis discusses two novel potential approaches which 

merit further investigation towards this goal.  

Firstly, natural compounds have previously found several uses as 

chemotherapeutic agents. We found a diterpenoid compound in the same 

class as Taxol, Crassin, to have significant anti-cancer effects in both gastro-

oesophageal cell lines and triple negative breast cancer cell lines. Specifically, 

Crassin reduced cell viability in a manner dependent on reactive oxygen 

species, and demonstrated bioefficacy in an in o vo /se mi - in vivo  model. 

Interestingly, Crassin did not activate any known cell death mechanisms but 

rather induced cell stasis through cell-cycle shifts from G1 to G2/M. Since 

research is highlighting cytostatic inducers as powerful agents in combatting 

cancer growth, particularly when combined with cytostatic compounds, we 

suggest that Crassin is a candidate for consideration as a “one-two punch” 

agent.  

Secondly, we examined other potential therapeutic targets in gastro-

oesophageal cancers. Previous work in our lab has shown that 

overexpression of the adhesion molecule Junctional Adhesion Molecule-A 

(JAM-A) drives proliferation and tumorigenic behaviour in breast cancer. We 

hypothesised that the overexpression of JAM-A in gastro-oesophageal 

cancers may play a similar role in driving cancer progression. Furthermore, 

our group has highlighted a regulatory role of JAM-A for receptor tyrosine 

kinases (RTKs), including HER and Eph family members. Since gastro-

oesophageal cancers are also known to overexpress HER2, we also 

hypothesised that JAM-A may play an important role driving HER2 

overexpression and downstream cell survival. Gastro-oesophageal cell lines 

demonstrated varied responses to JAM-A loss, but no universal effects on cell 
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viability, colony-forming potential or  tumour development and invasion in an in 

o vo /se mi - in vivo model. We could find no apparent mechanism of regulation 

between JAM-A and three RTKs examined, though some correlations 

between JAM-A and HER2 and JAM-A and EphB4 expression were 

discovered in gastro-oesophageal cancer full-face sections. We suggest this is 

representative of aggressive tumour phenotypes. Excitingly, in JAM-A reduced 

cells, we identified a ‘primed for apoptosis’ phenotype which increased the 

efficacy of HER2 targeting therapies in vitro . Hence, we propose JAM-A 

targeting in this setting, in combination with pro-apoptotic chemotherapies 

merit future investigation as a “one-two punch” mechanism for treating gastro-

oesophageal cancers 

In summary, we have examined potential mechanisms for targeting gastro-

oesophageal cancers and have also highlighted a complex role for the 

adhesion protein JAM-A in that setting. Given the accessibility of JAM-A at the 

surface of cells, we suggest that targeting JAM-A in this setting could prove 

beneficial in priming cells for other drugs. 
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1.1 Introduction to Cancer 

Cancer Overview 

After cardiovascular disease, cancer is the second leading cause of mortality 

worldwide (1). Normally, cellular growth and differentiation is subject to tight 

homeostatic regulation that ensures normal functioning of cells. In cancer, 

cells undergo a series of genetic mutations which change cellular functions 

and allow them to develop one or more survival or growth advantages (2). 

These changes can occur as germ-line mutations, or can be acquired 

sporadically via external influences including environmental, lifestyle (i.e. 

tobacco and alcohol use) and dietary factors (3). The cocktail of changes 

usually occur in genes referred to as oncogenes or tumour suppressor genes 

(4). The term oncogene refers to genes that undergo some form of gain of 

function (GOF) which drives cancer-promoting characteristics and allows for 

continued growth, evasion of cell death and promotion of invasion. Some 

well-known oncogenes that are mutated in cancer include e rb - b2  receptor 

tyrosine kinase 2 (ErbB2, neu or Human Epidermal Growth Factor Receptor-2 

(HER2 )) and phosphoinositide 3-kinase (P I3K ) (4-6). Tumour suppressors are 

genes whose mutation induces a loss of function (LOF) preventing them from 

performing key roles in inhibiting proliferation and/or inducing cell death 

mechanisms (4, 6). There are several tumour suppressor genes which are 

commonly mutated in cancer, including TP5 3  (the gene encoding p53 

protein), phosphatase and tensin homolog ( P TEN ) and retinoblastoma protein 

(RB ); all of which play a role in regulating genomic instability of cells (4-6). 

Hallmarks of Cancer 

There are several functional changes that confer tumorigenic phenotypes 

upon cells. These phenotypes have been established as the ‘hallmarks of 

cancer’, which classify the different mechanisms cancer cells develop in order 

to continue their growth and survival (2). To date, 11 well-defined hallmarks 

have been so described (Figure 1.1) (2). These are: sustaining proliferative 

signalling, resisting cell death, activating invasion and metastasis, avoiding 
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immune destruction, inducing angiogenesis, tumour-promoting inflammation, 

deregulation of cellular energetics, genomic instability, evading growth 

suppressors, and enabling replicative immortality (2).  When a cell has 

acquired one, or several, of these hallmarks it then replicates and passes the 

phenotype to its daughter cells, initiating tumourigenesis. Following several 

replications, these cells undergo expansion and are then referred to as a 

tumour (7). The aggressiveness of tumours can vary based on the phenotypic 

characteristics they retain, which influences the severity of cancer in patients, 

and will be discussed in more detail in the following section. 

  



6 

 

Tumour Aggressiveness 

Tumour development and progression can be categorised and disease 

severity assessed by a number of approaches; towards enabling healthcare 

professionals to make informed decisions regarding treatment management 

for patients (8, 9). Most cancers are assessed histologically which provides 

prognostic information and establishes the stage of the disease (10-12). 

Using haematoxylin and eosin (H&E) stains, pathologists can assess and 

grade tumours based on the level of cellular differentiation observed; where 

poor differentiation indicates higher grade tumours (10). The standard 

approach for estimating tumour aggressiveness in many cancers is the TNM 

(tumour-node-metastasis) staging system. This tri-partite approach assesses 

the location of the primary tumour and its level of invasion (T), examines 

whether local lymph nodes have been invaded (N), as well as evidence 

whether the primary tumour has metastasised to distant sites (M) (8, 13).  
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1.2 Introduction to Breast Cancer 

Breast Cancer Epidemiology 

There are >20,000 new cases of cancer in Ireland each year and, while 

survival rates continue to increase, there are still ~10,000 cancer-related 

deaths per year (14). In fact breast cancer is the second leading cause of 

cancer-related deaths in women in Ireland, with over 3,000 new cases 

diagnosed and over 700 deaths annually (15). Recent improvements in 

survival have been attributed to improved early detection methods and 

expansion in the availability of targeted therapies (16). Current treatments for 

cancer patients comprise standard approaches including surgery, radiation, 

chemotherapy, targeted therapies, immunotherapy and hormone therapy (17). 

The hallmarks of cancer and the cellular characteristics that enable cancer 

progression have been extensively described (2), and now act as a markers 

for targeted therapies. However at the core of breast cancer biology is a need 

to understand the basic physiological structure and functions of the breast in 

order to guide a better understanding of the pathophysiology. 

Breast Cancer Initiation and Progression  

The normal function of the breast is lactation, the production of milk for 

neonatal and infant development. Accordingly the breast consists of epithelial 

structures which are specialised to perform this function: ducts and lobules 

(Figure 1.2). Lobular structures contain epithelial milk-producing glands, 

which are hormonally activated during late stage pregnancy and post-natal 

periods (18). Milk then drains from the lobules to the nipple via a network of 

simple epithelial ducts supported by the connective and adipose tissue of the 

breast (Figure 1.2) (18).  
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There are two main types of breast cancer initiation sites: ductal or lobular. 

Cancers at either site arise when cells begin to grow at an increased rate, or 

develop genetic or epigenetic mutations enabling them to avoid cell death (2). 

If the tumour cells remain confined within the space of the original duct or 

lobule, this is referred to as in situ  carcinoma. When the cancer cells move 

into the surrounding tissue, this is then referred to as invasive carcinoma (19) 

(Figure 1.2). Invasive ductal carcinoma and invasive lobular carcinoma are 

the most common histological subtypes of breast cancer, accounting for ~80% 

and ~15% of cases respectively (20).  

Breast Cancer Molecular Classification 

Recent advancements in scientific technology have allowed the definition of 

Figure  1 .2 :  Anatomy  of the  bre a s t a nd the  progre s s ion from p hys iologica l 

to pathophys iologic al phenotype s, in both ductal -  and lobular - type  brea st 

c a ncers . This d iag ram d e n o te s th e  n o rma l struc tu re o f the  b rea st a nd  the 

p red icted  p rog ression to  e ithe r inva sive lob u lar ca rcino ma  (ILC) o r inva sive 

d u cta l ca rcin o ma  (IDC) .  
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genomic signatures for individual patient tumours, and represent 

improvements on diagnosis over histological features alone. This ‘genomic 

fingerprinting’ of tumours is also increasingly facilitating healthcare 

professionals to treat patients with the most suitable therapies for their 

subtype of tumour. Breast cancer has five established genomic subtypes 

based largely on protein expression of the following markers: estrogen 

receptor (ER), progesterone receptor (PR) and the human epidermal growth 

factor receptor-2 (HER2). ER- and PR-positive cancers are termed luminal A 

and luminal B or hormone receptor (HR)-positive, and make up two thirds of 

diagnosed breast cancers. Luminal B is additionally associated with increased 

expression of pro-proliferative genes and an increased risk of relapse (21, 22). 

Up to 25% of breast cancer patients have HER2-positive cancers (23, 24), a 

gene amplification first described in 1987 (25). Claudin-low and basal-like are 

triple-negative breast cancers, which describes their lack of ER, PR and HER2 

expression (26, 27). Basal-like/triple-negative breast cancers (TNBC) account 

for 12-20% of all cases and are typically associated with poor prognosis and 

higher risk of early recurrence (26). Accordingly they are insensitive to many 

targeted therapies, so their treatment frequently relies upon conventional 

chemotherapeutic drugs (27).  
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Tabl e  1 .1 : Molec ula r S ubty pes of Breas t Canc e r. Hormonal , HER2  a nd 

Ki6 7  s tatus i n  the  m ole c ular s ubty pes  of  b re a s t c a nce r  

 

 

Breast Cancer Treatments 

Breast cancer treatment is dependent on the molecular subtype of breast 

cancer and the stage of disease progression. Surgery, radiation, 

chemotherapy and targeted therapies are standard treatment practices. In 

cancers that show a triple-negative phenotype, surgery, radiotherapy and 

chemotherapy are standard treatment approaches, as the lack of cell-surface 

markers limits targeted therapy options (28). This lack of appropriate targeted 

therapies also means that 30-40% of TNBCs progress to metastatic disease 

(29). Due to the aggressive phenotype of TNBCs, chemotherapies are used to 

target DNA repair and sometimes act as p53 substitutes (28). Taxanes, 

anthracycline and platinum agents are all commonplace in TNBC treatment 

regimens (28). More recently, androgen signalling has been shown to be an 

important player in some subtypes of TNBC, and it is now suggested that 



11 

 

androgen receptor-inhibiting therapies may prove beneficial in the TNBC 

setting (29).  

Approximately 70% of breast cancers are HR-positive, and the presence of 

either ER or PR recommends them for targeted hormonal therapies. Along 

with surgery, radiation and chemotherapy, selective estrogen receptor 

modulators and down regulators (SERMs and SERDs respectively), as well as 

aromatase inhibitors, all work to block signalling capabilities through hormone 

receptors and to prevent tumour growth (30, 31).  

The growth factor receptor HER2 has had several targeted therapies directed 

against it, which work effectively to block the downstream signalling cascades 

of HER2 that drive tumour growth (32). Therapies such as Trastuzumab, 

Pertuzumab, lapatinib and afatinib are all approved HER2-directed therapies; 

however resistance to therapy still remains an issue within this subtype of 

breast cancer (32). 
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1.3 Introduction to Gastro-oesophageal Cancers 

The Normal Gastro-oesophageal Tract 

The main function of the oesophagus is to transport swallowed food to the 

stomach, via a network of striated and smooth muscles. The oesophagus has 

a secondary function, which is to block the contents of the stomach from being 

able to flow back up into the oesophagus via the lower oesophageal sphincter 

(Figure 1.3). This ‘backflow’ is referred to as gastroesophageal reflux (33). 

Once the oesophagus has successfully transported the food bolus into the 

stomach, the main function of the stomach is to prepare this food for digestion 

and its later absorption by the intestine (34). Gastric acid production by the 

stomach ensures that the food is broken down enough to be released into the 

small intestine (34). Structurally, the oesophageal epithelium consists of 

stratified squamous epithelium versus simple columnar epithelium in the 

stomach. This change in nature is facilitated at the gastro-oesophageal 

junction, where both epithelial cell types are found (35). 

Gastro-oesophageal Cancer Epidemiology 

Gastric cancers are the fourth most common cancer worldwide and have the 

second-highest associated mortality rate (36, 37).  

Both genetic and environmental risk factors have been linked to the incidence 

and progression of gastric cancers, with dietary factors having a large impact. 

High fruit and vegetable intake; particularly those with higher levels of 

antioxidants; low-sodium diets and lower alcohol consumption are all thought 

to decrease the risk of gastric cancer development (37-39). In contrast, poor 

socioeconomic backgrounds, smoking and Helicob a cte r  p ylori  ( H. p ylori )  

infections all increase gastric cancer development risk (38, 39). Genetic risk 

factors include germline mutations of the CDH1  gene (the gene encoding E-

cadherin) (40-42), and TP5 3  (42, 43).  

There has been a steady decline in incidence worldwide, which has often 

been attributed to improved levels of hygiene and diet, as well as the 
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eradication treatment now available for H .  pylori  (37 , 3 9 ) . In Europe, five-year 

survival rates for gastric cancers are poor at only 20%, whereas in Japan 

survival is as high as 90% due to superior screening methodologies (38, 39).  

Oesophageal cancers are the eighth-most commonly diagnosed cancer 

worldwide and the sixth leading cause of cancer-related deaths, with five-year 

survival rates as low as ~10% (44, 45). Risk factors include environmental 

factors such as alcohol, smoking and obesity, as well as genetic influences 

such as mutations to genes involved in cell-cycle regulation and growth factor 

receptors (45).  

Interestingly, obesity and neoplastic inflammatory conditions (such as gastro-

oesophageal reflux disease (GERD) and H. p ylori infections) increase both 

gastric and oesophageal cancer development risk (39, 46-48), suggesting 

inflammatory responses could play an important role in the progression of this 

cancer type. Specifically, obesity is thought to increase the production of 

inflammatory mediators and cytokines (i.e. TNF-α and IL-6) (49, 50). 

Furthermore, an association between obesity and disrupted mitochondrial 

function has been highlighted, suggesting that obesity can alter energy 

metabolism, creating a suitable environment for cancer development (51).  

Gastro-oesophageal Cancer Classification 

Gastric cancers are typically classified by their anatomical location. Gastric 

cancers tend to be referred to as either cardial, when they originate in the 

uppermost part of the stomach; or non-cardial, when they arise in the mid or 

distal regions including the body, pylorus etc. (Figure 1.3) (39). Interestingly, 

H. p ylori  infections are significantly correlated with non-cardial gastric cancers 

at a rate of ~65-80% (37). There has been a longstanding appreciation for the 

relationship between infection-associated inflammation and increased cancer 

risk, not just in the gastrointestinal tract but also in other organ locations (52). 
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Figure  1.3:  Anatomy of the normal  human stomac h, and a schema for 

progre s s ion from norma l phys iology to c a nce r pa thophys iology . This 

d iag ram rep rese n ts the  n o rma l a n a to mical s truct u re o f th e  sto ma ch  a n d  the 

p rog ression o f n o rma l ti ssu e to inva sive g a stric ca n ce rs w ith  a ssign ed 

sta g ing .  

Oesophageal cancers are also distinguished from each other based upon their 

location. Oesophageal cancers originating higher in the oesophagus are 

usually squamous cell carcinomas (SCCs), whereas those which occur in the 

lower oesophagus are adenocarcinomas (44). These subtypes have different 

risk factors. While SCCs are mainly associated with lifestyle risk factors, 

including high levels of alcohol consumption, frequent hot drink intake and 

smoking, oesophageal adenocarcinomas are often related to GERD, which 
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can progress to Barrett’s oesophagus; a known risk-factor for oesophageal 

cancer development  linked to inflammation-induced progression (44, 53-56). 

Interestingly, obesity; a known risk factor for oesophageal cancer progression; 

has been highlighted to significantly increase the risk of GERD in patients 

(57), and in creating molecular changes which result in the development of 

both GERD and Barrett’s oesophagus, pre-requisites of adenocarcinomas 

found within the region (58, 59).  

Due to the close physical proximity of gastric, gastro-oesophageal and 

oesophageal adenocarcinomas, an anatomical classification method known 

as the Siewert classification was devised (60). Type I tumours are defined as 

distal oesophageal adenocarcinomas, Type II describes adenocarcinomas of 

the cardia immediately at the gastro-oesophageal junction, and Type III status 

is allocated to adenocarcinomas that are subcardial but also infiltrate the 

gastro-oesophageal junction and distal oesophagus (60). Overall, Type I 

adenocarcinomas are classified as oesophageal, whereas Types II and III are 

considered gastric. 

Another diagnostically-useful way of distinguishing gastric cancers from each 

other is to use histopathological criteria like Lauren’s classification of 

intestinal- or diffuse-type cancers (61). This system separates cancers based 

on the morphological appearance of the tissues. Intestinal-type cancers tend 

to be well differentiated and grow slower in glandular forms with abundant cell-

cell contact, whereas diffuse-type cancers are poorly differentiated, lack 

extensive cell-cell contact and are much more aggressive in comparison (61, 

62). While intestinal-type cancers appear more frequently in older males, 

diffuse-type cancers occur equally in both genders but at a younger age (61, 

62). The aggressiveness of both subtypes is defined according to the level of 

invasion of tumour cells into deeper surrounding tissues, using the TNM 

(tumour-node-metastasis) staging system (63). The World Health 

Organisation (WHO) further differentiates gastric cancers into 

adenocarcinomas, signet-ring cell carcinomas and undifferentiated 

carcinomas, but their classification is not often used as Lauren’s classification 

is preferred (38). Signet-ring carcinomas are classed as diffuse-type under the 
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Lauren classification system, and are named due to their appearance, where 

the nucleus is visibly pushed to the outside edge of cells by cytosolic mucins, 

giving cells a ‘signet-ring’ like appearance (64).  

Gastric cancers are also classified based on their initiating factor. Most 

commonly (~80%), gastric cancers are sporadic in nature and referred to as 

sporadic gastric cancers (SGCs). This cancer type is most frequently 

associated with environmental risk factors and more frequently occurs in older 

males (~60-80yrs) (38). Other gastric cancer subgroups include early onset 

gastric cancers (EOGCs), gastric stump cancers and hereditary diffuse gastric 

cancers (HDGCs), occurring at a rate of ~10%, ~7% and ~3%, respectively. 

EOGCs occur more frequently in females, are often diffuse in nature and 

hormonal regulation is believed to be an important factor in their progression 

(38). HDGCs are associated with germline mutations, particularly those in 

CDH1  (which encodes E-cadherin), and generate poorly-differentiated and 

diffuse-type gastric cancers (38, 40, 42).  

Gastro-oesophageal Cancer Treatments 

A multidisciplinary approach is required for the treatment of gastric and 

oesophageal cancers. Like in breast cancer; surgery, chemotherapy, 

radiotherapy and more recently targeted therapy are all utilised for the best 

patient survival outcomes. In gastroesophageal cancers, early stage cases 

require less invasive surgeries, and endoscopic resection can often be used. 

However, a risk of relapse still remains, so other measures are taken in 

combination. Late stage cancers require much more radical intervention, 

including both sub- and total gastrectomy or oesophagectomy (60, 63).  

Chemotherapy is often administered peri-operatively, meaning it is given both 

pre- and post-surgery; also referred to as neo-adjuvant (pre) and adjuvant 

(post). Some studies have shown increased survival for patients who received 

chemotherapy regimens pre- and post-surgery, as opposed to surgery alone 

(65, 66). There is currently no worldwide standardised regimen practiced, 

however combinations of platinum-based drugs (e.g. cisplatin), 
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fluoropyrimidines (e.g. 5-fluorouracil) and Taxanes (e.g. paclitaxel) are often 

utilised for both first- and second-line therapies (65, 67, 68).  

Furthermore, radiotherapy is often received by patients in a neo-adjuvant 

setting in combination with chemotherapy schedules and has been shown to 

increase overall survival of patients. More recently, neoadjuvant radiotherapy 

has also shown promising benefits for overall patient survival (69). 

As in breast cancer, gene amplification of the oncogene HER2  is emerging as 

an area of significant interest in the field of gastric and gastro-oesophageal 

cancers. HER2 is known to be overexpressed in ~10-35% of gastric and 

gastro-oesophageal cancers (70), hence the anti-HER2 therapy Trastuzumab 

has been approved as a targeted therapy for use in HER2-positive gastric and 

gastro-oesophageal cancers (71, 72). Current trials are examining whether 

multi-targeting HER2 therapies may prove beneficial in order to overcome 

associated resistance (73, 74). Section 1.4 will describe in more detail the 

contribution of HER2 overexpression/signalling to cancer initiation and 

progression.  

Unlike breast cancer, gastro-oesophageal cancers have few known molecular 

subtypes and hence there is a lack of targeted therapies available in the neo-

adjuvant setting (75). However, knowledge of the genetic makeup of these 

cancer types is ever evolving and given the recent advances in immuno-

scoring in this setting, future research may even highlight immunotherapies as 

greatly beneficial for patients. Immuno-scoring is a complex process based on 

tumour immunophenotyping, which shows enormous promise in predicting 

clinical outcomes and patient chemotherapy responses (76). The method 

assesses tumour T lymphocyte populations; cytotoxic and memory T cell (76). 

This method has been shown to predict gastric cancer patient survival 

outcomes, as well as identify those at risk of reoccurrence (77, 78). PD-L1 

positivity was also highlighted as a predictor of worsened survival in 

oesophageal cancer patients (79, 80). Since immunotherapies often utilise 

PD-L1 and its receptor (PD-1) expression, it is possible that this method of 

treatment may have great efficacy in this cancer setting. 
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1.4 The role of HER2 in cancers 

HER2 

HER2 belongs to a family of four type 1 transmembrane growth factor 

receptors (81) (Figure 1.4); Epidermal Growth Factor Receptor 

(EGFR/HER1), HER2, HER3 and HER4. HER receptors undergo dimerization 

upon activation, leading to transphosphorylation and upregulation of 

downstream signalling pathways associated with proliferation, invasion, 

metastasis and cell survival (82). The HER2  gene is located on chromosome 

17 and encodes a 185 kDa protein with an extracellular, transmembrane and 

intracellular tyrosine kinase domain (81).  HER2 has no known ligand, so it 

relies on activation by either heterodimerisation with other HER family 

members or homodimerisation when overexpressed (81). HER2/HER3 

dimers have been shown to drive signalling through the PI3K/AKT pathway, a 

key player in tumour survival, as well as the Mitogen-Activated Protein Kinase 

(MAPK) pathway (81, 83, 84).  

HER2 possesses the strongest downstream signalling capabilities of the four 

HER family members (81), and has been shown to be overexpressed in a 

variety of different cancers including breast, gastroesophageal, ovarian, non-

small cell lung, head and neck, as well as pancreatic and colon cancers (85, 

86). Both breast and gastroesophageal cancers have been approved for 

targeted therapy with anti-HER2 drugs, as HER2 overexpression is reportedly 

present at rates of ~25% and ~10-35% in breast and gastro-oesophageal 

cancers respectively (24, 70, 72). 
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The Phosphoinositide 3-kinase (PI3K) Pathway 

The PI3K enzymatic pathway was discovered in the 1980s and is known to be 

a key player in cell survival, proliferation and differentiation. The various PI3K 

family members become activated in response to ligand/growth factor binding 

to receptors including HER family members and Insulin-like growth factor-I 

Receptor (IGF1R) (87-90). There are three classes of PI3Ks: Class I, II and III; 

of which Class I forms are frequently mutated in cancers (91). Class I PI3Ks 

have two subunits, a regulatory (p85) and a catalytic (p110) subunit.  The p85 

regulatory subunit has three different forms: p85α, p85β and p55γ, and the 

p110 catalytic subunit has four forms (p110α, p110β and p110γ, p110δ), 

Figure  1 .4  The Human E pide rmal Grow th Fac tor Fam ily . HER2 a ctiva tion 

o ccu rs fo llow ing  he te ro d ime ri za tio n  w ith  an oth e r HER fa mily me mb e r, in th e 

p rese n ce  o f a  lig an d , le a d ing  to  a u to ph o spho ryla tio n  of  the ir tyros ine  kina se 

do main s an d activation of  the PI3K  (phospho ino sitide - 3 - kina se) and  MAP K  

( mito g e n - a ctivate d  p rote in kina se )  do wnst re a m sign a lling  p athways which 

d rive  ce llu lar p rolife ra tio n  an d  a n ti - ap o pto tic sign a lling .  
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where α and β forms are found ubiquitously while γ and δ are more commonly 

found in immune cells (87, 92).  

The p85 subunit of Class I PI3K enzymes is responsible for interacting with 

the tyrosine phosphate motifs on activated receptors (including the HER family 

members), either directly or through adapter proteins (87). This interaction 

catalyses activation of the p110 subunit, which in turn results in the addition of 

a phosphate molecule to phosphatidylinositol (4,5)-bisphosphate (PIP2), 

transforming it to phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which 

activates downstream signalling (87) (Figure 1.5). The active PI3K pathway is 

terminated by means of the tumour suppressor protein phosphatase and 

tensin homolog (PTEN), which converts PIP3 back to PIP2 by 

dephosphorylation and accordingly inhibits downstream signalling effects. 

Hence, loss of function mutations to PTEN have been commonly described in 

a range of different cancers, including breast and gastric (93). Mutations to 

PTEN alone are often enough to account for the cancer burden associated 

with PI3K pathway disruption, however a synergistic effect of mutations to 

both PTEN and PI3K in the same tumour has previously been shown (94, 95).  

Following the conversion of PIP2 to PIP3, Akt (or protein kinase B) is 

phosphorylated and activated. Akt is an important member of the PI3K 

pathway, responsible for the phosphorylation-induced inhibition of several 

tumour suppressor genes. For example, Akt-mediated phosphorylation of the 

tuberous sclerosis complex 2 (TSC2; tuberin) protein displaces the  protein 

tuberous sclerosis complex 1 (TSC1) protein bound to TSC2 (96). TSC1 is 

responsible for stabilising and preventing the proteasomal degradation of 

TSC2. When no longer bound to TSC1, TSC2 is then free to bind 14-3-3 

protein, activate Rheb and in turn the mechanistic target of rapamycin (mTOR) 

complex, which is responsible for promoting cellular proliferation and growth 

as well as inhibiting autophagy (97). Akt is also known to inhibit PRAS-40, a 

negative regulator of mTOR. Specifically, Akt phosphorylates PRAS-40, 

rendering it inactive and allowing mTOR signalling (97). Another important 

target of Akt is the transcription factor Forkhead box protein O (FoxO), which 

is phosphorylated and inhibited by active (phosphorylated) Akt, thereby 
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preventing the transcription of several genes that induce apoptosis, reduce 

cell cycle progression or inhibit growth (97). Active Akt also phosphorylates 

and inhibits glycogen synthase kinase 3 (GSK3), which is responsible for 

downregulating the important oncogene c-Myc through the inhibition of β-

catenin (97).  

 

 

Figure  1 .5  The  P I3 K pathwa y .  A ctiva tion  o f P I3 K  resu lts in  th e  ad dition  of 

a  p ho sp ha te mo lecu le to  P IP 2 (ph o sp ha tid ylin o sito l 4,5 - b isph o sp h a te ), 

tran sfo rming  it to  P IP3  (ph o sph a tid ylino sito l 3 ,4 ,5 - trispho sph a te ),  w h ich 

b e g ins a  ca sca de  o f do wnst rea m sign a lling eve n ts resu lting in p ro life ration  

a n d  an ti - a po p to tic e ffects  in ce lls. This signa lling  p a thw a y is inh ibite d  in 

th e presence  of PTEN (ph ospha tase  and ten sin ho molo g) , which reverses 

th e  PIP 2 t o  P IP3  pa thw a y via  remo va l o f a ph o sph a te mo lecu le .  
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The mitogen-activated protein kinase (MAPK) pathway  

The MAPK pathway is another important signalling pathway responsible for 

driving cellular proliferation in cancers overexpressing HER2. Following the 

autophosphorylation of tyrosine residues in HER2 homo- or hetero-dimers, 

the adapter protein growth-factor receptor bound protein-2 (GRB-2) binds to a 

receptor tyrosine kinase (RTK) (e.g. HER family dimers) and recruits the 

small GTP-binding protein son of sevenless (SOS) (98). SOS then binds 

RAS, activating the kinase, which phosphorylates and activates RAF kinase 

(99). Upon RAF activation, MAPK kinase (MEK) is then phosphorylated and, 

in turn, phosphorylates ERK. Once activated via phosphorylation, ERK 

translocates to the nucleus and upregulates the expression of several 

transcription factors targeting genes involved in cellular proliferation and 

growth (including c-Jun, c-Fos and Elk1) (98, 99). 

Upstream regulation of both the PI3K and MAPK pathways is known to occur 

through several diverse cellular proteins. One such category of proteins of 

particular interest for this thesis, adhesion proteins, has previously been 

shown to affect Akt activation (100-102). The structure and function of 

adhesion proteins in both normal physiology and cancer pathophysiology will 

be discussed in more detail in the next section. 
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1.5 Cell Adhesion in Cancers 

Tight Junctions 

Epithelial cells attach to each other along their lateral intercellular membranes 

via multi-protein complexes termed intercellular adhesive junctions. Tight 

junctions are the apical-most intercellular junctions, and play an essential role 

in maintaining barrier function and controlling paracellular diffusion and the 

movement of solutes (103-106). Following their assembly, tight junctions play 

a key role in the maintenance of cell polarity, which is essential for tissue 

differentiation and development (107).  
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Figure  1 .6 : Tight J unction Loca tion  a nd Composi tion. This d iag ram 

d e no te s th e p o sition  o f the  tigh t jun ctio n in d e lin ea tin g the  ap ical ve rsus 

b a so late ral d o ma ins o f e p ithe lia l ce lls.  It  a lso illust rate s the  3  typ e s of 

p rote ins fo u nd  w ith in th is co mp lex,  sp e cifically tran sme mb ran e , sca ff o ld ing 

a n d  sig n a lling p rote ins.  
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There are several different classes of proteins found at the tight junction, 

including transmembrane, scaffolding and signalling proteins (Figure 1.6) 

(108, 109). The transmembrane proteins encompass both tetra-span and 

single-span proteins. Tetra-spanning protein families include claudins and the 

myelin and lymphocyte and related proteins for vesicle trafficking and 

membrane link (MARVEL)-domain containing proteins occludin, tricellulin and 

MARVELD3 (103, 104, 107). Single-spanning proteins include the junctional 

adhesion molecule family (JAM: JAM-A, -B, -C and –4), Coxsackievirus and 

Adenovirus receptor (CAR), as well as crumbs protein homolog (CRB3) (103, 

104, 107, 110, 111).  

Such proteins are linked to adapter protein complexes found within the 

cytoplasmic plaque, which act as connectors and signal transducers between 

the transmembrane or scaffolding proteins and the cytoskeleton (103, 107). 

Zona occludens (ZO)-1 is one such example with important roles in the tight 

junction. It has several protein-interacting domains, including a PSD-95, discs 

large, ZO-1 (PDZ)-domain and a guanylate kinase (GUK)-domain, which allow 

for interactions with transmembrane proteins like occludin as well as with actin 

within the cytosol (Figure 1.5) (103, 107). Studies have highlighted the 

importance of PDZ-binding domains and PDZ binding motif-containing 

proteins in forming the connections found at intercellular junctions (112).  

Despite the many important physiological functions of tight junction proteins, a 

role for their expressional or functional alterations has been emerging in the 

pathophysiology of several diseases including cancer. Several tight junction 

proteins were originally connected with the pathophysiology of various 

infections, by virtue of their actions as receptors for viruses including reovirus, 

coxsackievirus and adenovirus (103, 106, 107). In addition, disruption to tight 

junction proteins has also been associated with hypertension (113, 114) and 

deafness (115, 116). However of most interest to this thesis is the fact that 

both LOF and overexpression of various different tight junction proteins has 

been recently associated with the pathophysiology of cancer. Of particular 

relevance is the TJ protein JAM-A, which will be described in more detail in 

the following section.   
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Junctional Adhesion MoleculeïA 

JAM-A (also known as JAM-1, CD321, PAM-A or F11R) belongs to the 

immunoglobulin (Ig) protein superfamily of proteins and is widely expressed 

on both epithelial and endothelial cells (110, 112). 

 

JAM proteins undergo homophilic interactions with JAM proteins on 

neighbouring cells, helping to create the paracellular barrier (Figure 1.6) (110, 

112, 117). Its structure is characterised by two Ig-like domains found in the 

extracellular domain, a single-pass transmembrane domain and a canonical 

Type II PDZ binding motif located in its short C-terminal tail  (Figure 1.7) (112, 

118, 119). 

Figure 1.7: Junctional Adhesion Molecule- A Structure. Diagram depicting 

the structure of JAM- A, including the Immunoglobulin (Ig)- like domains, 

transmembrane domain and PDZ binding motif locations. 
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JAM-A has been demonstrated as a key player in regulating and maintaining 

cellular polarity through interactions with adapter proteins, including ZO-1, 

afadin-6 (AF-6) and PDZ-containing polarity-related protein-3 (PAR3) via its 

PDZ-binding motif (112, 120, 121). During the early formation of cell-to-cell 

contacts, JAM-A has also been shown to recruit a complex containing PAR3, 

aPKC and PAR-6, which is known to regulate cellular migration and to dictate 

cell polarity (120).  

JAM-A in Cancer 

Aberrant expression of JAM-A has been shown to be involved in several 

different carcinomas, though it is often debated as to whether LOF or 

overexpression is more important in certain tissue settings. Loss of JAM-A has 

been associated with poorer survival of patients with either gastric or renal 

cancer (122, 123), as well its downregulation being reported in breast 

metastases (124). JAM-A overexpression leading to poor prognosis and 

cancer cell growth has since been established in other solid tumour types, 

including gastric, nasopharyngeal and lung, as well as suggestions that JAM-

A may be an important player in cancer stem cell maintenance (102, 125-

129).  

1 .5 .1 .1  JAM - A  a n d B rea st C a nce r  

Pathophysiologically, JAM-A d o wnre gu lat ion  was first reported as driving 

cancer invasion in breast cancer models (130). However research using larger 

scale models rather demonstrated JAM-A u p reg u lat io n  in invasive breast 

cancers to be associated with poor patient prognosis (131, 132). Furthermore, 

JAM-A overexpression has been associated with HER2-positive subtypes of 

breast cancer, and JAM-A has been proposed as a novel regulator of HER2 

expression via influencing its protein degradation (100). JAM-A silencing has 

also been shown to be involved in reducing cell motility, as well as reducing 

the expression of the migratory protein β1-integrin (131), itself a marker for 

poor prognosis in breast cancer patients. This highlights a potential 

mechanism of driving cancer progression via upstream regulation of HER2. In 

addition, JAM-A-targeting with either miRNA or antagonists reduced tumour 
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progression (126, 133)  The discrepancies regarding oncogenic properties of 

JAM-A may have occurred through differences in scientific methodologies, 

including patient selection and in vitro models, or more likely it reflects a 

complex role for JAM-A in different spatial and temporal settings associated 

with tumour growth and metastasis.  

1 .5 .1 .2  JAM - A  a n d G a stro - o e so p ha g ea l  Can ce rs  

As previously discussed, HER2 is now known to be overexpressed and 

clinically-targetable in cancers other than breast, including those in the 

gastroesophageal tract. However there is ongoing debate as to whether JAM-

A overexpression also plays an important role in gastro-oesophageal cancer 

progression and its potential as a therapeutic target in the gastro-oesophageal 

cancer setting (122, 127). 

In support of a possible role, JAM-A has previously been shown as a key 

player in H.  p ylori  infection via its recruitment by cytotoxin-associated gene A 

(CagA) protein. CagA is translocated by the bacteria into gastric epithelial 

cells, where it recruits JAM-A and impairs assembly of tight junctions at 

bacterial contact sites (134-136). In light of the known disruption of tight 

junctions during infection, as well as the previously-mentioned links between 

infection, inflammation and increased cancer risk, this could potentially place 

tight junctions as key players in cancer. However there is a paucity of studies 

on the role of JAM-A in either gastric or oesophageal cancer. The one 

published study in oesophageal cancer saw no increase in JAM-A protein 

expression in oesophageal tumour tissue samples compared to normal 

controls (133). Furthermore, studies in gastric cancer have been controversial, 

suggesting both JAM-A protein loss and overexpression as potential 

biomarkers for poor patient prognosis (122, 127). Specifically, one study 

revealed low JAM-A protein expression in gastric tissue sections had a 

significant correlation with increased tumour size and lymph node metastasis 

(122). In contrast, in vitro  work across gastric normal and cancer cell lines 

revealed a significant reduction in proliferation and invasion following JAM-A 

silencing. Furthermore, the same study showed correlations between the 
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expression of JAM-A and an anti-apoptotic protein, Bcl-XL, following reduction 

of JAM-A (127). These disparate studies highlight the need for a deeper 

understanding of the mechanisms that drive JAM-dependent tumour-

promoting properties in this tissue setting. Complementary to this would be to 

uncover if regional differences in JAM-A expression exist within the gastro-

oesophageal spectrum, thereby allowing for the differential promotion or 

suppression of local cancers.  
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2. Statement of Hypothesis 

2.1 Hypothesis 

In light of the novel evolving relationship between HER2 and JAM-A in breast 

cancer, we hypothesise that the same relationship occurs in other cancers 

featuring HER2 overexpression. We further hypothesise that JAM-A acts as 

an upstream regulator of HER2 expression and signalling. 
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3. Aims of This Thesis 

3.1 Aims 

As expressional changes in JAM-A represent a potential biomarker of poor 

prognosis in cancers, the global aim of this PhD project is to evaluate the 

mechanistic role of JAM-A in invasive cancers. In particular the thesis will 

focus on examining whether JAM-A acts as a predictor of poor prognosis or a 

novel therapeutic target in cancers outside of the breast, and in determining 

whether the JAM-A/HER2 crosstalk established in breast cancer is mirrored in 

other cancers known to overexpress HER2. With that in mind, the specific 

aims of the work are as follows: 

Specific Aim 1: To elucidate the mechanism of a novel natural compound in 

gastro-oesophageal and breast cancers. 

Specific Aim 2: To establish whether there is a correlation between the 

expression of JAM-A and HER2 in HER2-positive gastro-oesophageal 

cancers. 

Specific Aim 3: To uncover mechanisms of crosstalk between JAM-A and 

HER2 in both breast and gastro-oesophageal cancers. 

Specific Aim 4: To explore whether JAM-A is responsible for regulating other 

receptor tyrosine kinases in gastro-oesophageal cancer settings. 
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Chapter 2: Materials and Methods 
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2.1 Cell Culture 

2.1.1 Aseptic Technique 

All cell culture was performed in a class II laminar flow hood using aseptic 

technique. Laminar flow cabinets were swabbed with 70% ethanol (EtOH) or 

70% industrial methylated spirits (IMS) before and after use, and all items 

brought inside were thoroughly sterilised. Only one cell line was manipulated 

at a time in the cabinet, after which time the hood would undergo 15 mins 

disinfection with ultraviolet light (UV). Liquid waste was disposed of in 

chlorine-based disinfectant (Presept tablets VWR, 330773N;1 x 2.5 g 

tablet/500 ml waste). The hood underwent monthly cleaning using industrial 

Virkon, followed by sequential water EtOH or IMS wipe-downs. Incubators 

were maintained with 10 ml of microbiocidal agen Acryl Aqua Clean (WAK 

Chemie Medical, WAK-AQA-250) diluted to a volume of 2 L in sterile distilled 

water and were routinely cleaned in the same manner as flow hoods. A 

separate laboratory coat was kept for aseptic work. 

MDA-MB-231, 4T1, SKBR3, NCI-N87 cells were obtained from the American 

Type Culture Collection; OE33 cells were a kind gift of Dr. Anne Marie Byrne, 

Trinity College Dublin. ESO26, OE19, SNU16 and KATO III cells were a kind 

gift from Dr. Sinead Toomey, RCSI. Cell line characteristics described in 

Table 2.1. Human primary breast cancer cells (198T) were isolated from a 

triple-negative breast cancer patient as described (137) with ethical approval 

from the Beaumont Hospital Medical Ethics (Research) Committee. MDA-MB-

231 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Sigma-Aldrich, Poole, UK) supplemented with 10% Foetal Bovine Serum 

(FBS), 50 U/mL penicillin, 50 µg/mL streptomycin and 2 mM L-glutamine. 4T1, 

NCI-N87, ESO26, OE19 SKBR3, SNU16 and OE33 cells were maintained in 

RPMI 1640 cell culture medium (Sigma) supplemented with 10% FBS, 50 

U/mL penicillin and 50µg/mL streptomycin. KATO III cells were maintained 

in Iscove's Modified Dulbecco's Medium (Sigma) supplemented with 20% 

FBS, 50 U/mL penicillin and 50 µg/mL streptomycin. Primary cells (198T) were 

maintained in DMEM/HAMS F12 (Sigma) supplemented with EGF (Peprotech, 
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#AF-100-15, 10 ng/mL), Hydrocortisone (Sigma #H-4001, 0.5 µg/mL), Insulin 

(Sigma, #I-5500, 5 µg/mL), Bovine Pituitary Extract (BPE; Sigma, #p1476, 70 

µg/mL), Transferrin (Sigma, #T-2252 5 µg/mL), Ethanolamine (Sigma, 

#E9508, 1x10-4 M) and O-phosphoethanolamine (Sigma, #P-0503, 1x10-4 M). 
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Tabl e  2.1  Cha ra c teristics  of  Cel l Line s  
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2.1.2 Mycoplasma Testing 

MycoAlert mycoplasma detection kits (Lonza LT07-418) were used four 

times/year (or more frequently, if indicated) to test cell lines for mycoplasma. 

MycoAlert is a colorimetric assay which measures the ratio of ADP/ATP 

conversion in supernatant samples extracted from conditioned medium. 

According to the manufacturer’s protocol, readings of >1.2 indicated 

mycoplasma-positive samples and cells were discarded. Negative samples 

returned a ratio of <1. Borderline samples were retested with fresh 

supernatant samples 24h post initiall read. 

2.1.3 Cell Culture Subculturing 

Cell culture media was warmed to 37°C. Cells were grown to ~80% 

confluency in T75-cm2 tissue culture flasks and washed with sterile Phosphate 

Buffered Saline (PBS). Following the removal of PBS, 2mL of trypsin-EDTA 

(concentration of 1x (0.05% Trypsin in 0.02% EDTA) for all breast cancer cell 

lines or 10x (0.5% trypsin and 0.2% EDTA) for all gastro-oesophageal cancer 

cell lines) was then added to cells, which were incubated at 37°C until fully 

detached, as observed under a light microscope.  10mL of fresh cell culture 

medium was added, whereupon cells were transferred to a 15mL tube and 

centrifuged at 300 x relative centrifugal force (rcf)/3mins.  

2.1.4 Cell Culture Freezing Stocks 

Following detachment and centrifugation of confluent cells, cell pellets were 

re-suspended in freezing medium (the appropriate cell culture media plus 5% 

dimethylsuphoxide (DMSO) as a cytoprotective agent). Cells collected from 

one T75-cm2 flask were re-suspended in 3mL freezing medium and aliquoted 

at 1mL into cryovials, where they were placed at -80°C for 24h in a cryo 1°C 

freezing container. After 24h, cryovials were placed into a liquid nitrogen tank 

for long term storage. 
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2.1.5 Cell Culture Cell Stock Recovery 

For cell recovery, cell aliquots in liquid nitrogen were removed from liquid 

nitrogen and rapidly thawed at 37°C. Cells were then placed into a 15 mL tube 

and spun at 300 rcf/3mins. The DMSO-containing supernatant was removed, 

whereupon cells were re-suspended in 10mL fresh cell culture medium and 

placed in a T75-cm2 tissue culture flask. The cells were then maintained in a 

humidified tissue culture incubator at 5% CO2 and 37°C. 

2.1.6 Cell Counting 

Following subculturing, cells were re-suspended in 3 mL cell culture medium. 

10 µL of cells was added to 10 µL of trypan blue (Sigma, #T8154, 0.4%) (1:1) 

and loaded onto a haemocytometer. Cells were counted across four of the 

haemocytometer quadrants using a light microscope (as shown in figure 2.1). 

In order to calculate the mean number of cells per mL, the mean of the 

quadrants was calculated and multiplied by two (dilution factor of trypan blue) 

and then multiplied by a factor of 104.  

 

 

 

 

 

  

Figure 2.1 Representation of a Haemocytometer 

Cells are counted in the four outer quadrants (circled). Cells on the out edges 

within these quadrants, falling into the inner space are discounted from the 

final tally.  
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2.2 Pharmacological Treatments 

2.2.1 Drug Treatments 

The coral-derived diterpenoid compound Crassin (Crassin/S-Benzyl-N-

malonylcysteine) was kindly donated by the US National Cancer Institute 

(NCI) Developmental Therapeutic Programme (DTP; www.dtp.cancer.gov;  

compound reference NSC-210236) and dissolved in DMSO (20mM stock). 

Cells were treated following their specific doubling periods with a range of 

Crassin concentrations (0.3, 0.6, 1.25, 2.5, 5, 10, 20 µM). All treatments were 

in complete media. DMSO at the concentration corresponding to matched 

Crassin treatments (0.0015625, 0.003125, 0.0625, 0.0125, 0.025, 0.5, 0.1 % 

v/v) was used as vehicle control. 

The antioxidant N-acetyl-L-cysteine (NAC; Sigma, #A7250) was made fresh 

before each treatment (10mg/mL in sterile PBS pH7.4, sterile-filtered) then 

added to the desired concentration (3mM) in complete media and incubated 

for 1h before the addition of Crassin. Fresh NAC was re-added in parallel with 

Crassin. 

2.2.2 HER2-Targeting Drugs 

Trastuzumab (21mg/mL) was donated by Beaumont Hospital Pharmacy, and 

dissolved in sterile ddH2O. Cells were treated with a concentration of 

10µg/mL, with sterile ddH2O (0.0475% v/v) as vehicle control. Lapatinib (Lap; 

Sequoia Research #SRP01211I) and dissolved in DMSO to a stock 

concentration of 10.8mM. Cells were treated with a concentration of 2µM, with 

DMSO (0.0185% v/v) as vehicle control. 

2.2.2 Cell death Inhibitors and Inducers 

Necrostatin-1 (Sigma, #N9037) was dissolved in DMSO (10mg/mL) and used 

at 100µM, Ferrostatin-1 (Sigma, #SML0583) was dissolved in DMSO 

(10mg/mL) and used at 5µM, and Doxorubicin (Dox) was dissolved in DMSO 

(4µg/mL) and used at 2.5µM. These were incubated +/- Crassin or NAC for 

24/48 hours at 37°C. In the same manner as NAC treatments, cells were pre-
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treated with either Nectrostatin-1 or Ferrostatin-1 and compounds re-added 

following 1 hour incubation +/- Crassin or NAC. DMSO (0.025% v/v) was used 

as vehicle control. The pro-apoptotic agent staurosporine (Staur) was 

dissolved in H2O (1mg/mL) and used at 10µM/3h or 1µM/48h for western blot 

or flow cytometric positive controls (respectively).  

2.2.3 RNA Synthesis Inhibition 

Actinomycin-D (Actino-D) (Calbiochem #114666) stabilises topoisomerases I 

and II, inducing RNA synthesis inhibition. Actino-D was reconstituted in DMSO 

(2mg/mL) and cells were treated at 4µM/6h. Cleaved caspase-3 antibody was 

used as a positive control for western blotting. 

2.2.4 Lysosomal Protein Degradation Inhibition 

Chloroquine (CQ) is an anti-malarial therapy shown to inhibit lysosomal 

degradation of proteins in vitro.  CQ was reconstituted in ddH2O (5mg/mL) and 

used at 30μg/mL. LC3BI/II antibody was used as a positive control for western 

blotting.  

2.3 Protein Expression Analysis 

2.3.1 Whole Cell Lysate Preparation  

Cell lysates were prepared by washing confluent cells on 6-well plates 3 times 

with ice-cold PBS, before being scraped in 200µL of extraction buffer. RIPA 

and Relax buffer (Appendix D) were used in breast and gastro-oesophageal 

cancer cell lines respectively. Cells were then triturated 20 times through a 26-

gauge needle. Cells extracted using RIPA buffer were stored on ice for 10 

minutes and incubated at -80°C for 24h. Thawed samples were centrifuged 

(15300 rcf, 20 minutes, 4°C) and supernatants stored at -20°C. Cells extracted 

using Relax buffer were centrifuged at 1500rcf/5min following trituration, and 

the supernatant collected and stored at -20°C.  
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2.3.2 Protein Quantification 

The protein concentration within cell lysates was determined using a highly 

sensitive and selective colorimetric detection of the cuprous cation (Cu1+) by 

bicinchoninic acid (BCA). Bovine serum albumin (BSA) was dissolved in ddH2O 

to a stock concentration of 5mg/mL, whereupon serial dilutions (5, 2.5, 1.25, 

0.625, 0.3125, 0 mg/mL) were then used as assay standards. 10µL of each 

sample (and standard) was added in duplicate to 96-well cell culture plates. 

200µL of freshly-mixed, light-protected BCA reagent A and B (1:50 dilution) 

(Pierce, 23225) was then added to each sample. Plates were incubated in the 

dark (30min/37°C) and absorbance measured at 560nm using a VICTOR™ X3 

Multilabel Plate Reader (Perkin Elmer).  A standard curve was generated 

based on the BSA serial dilution concentrations and the unknown protein 

concentrations of samples calculated based on a linear curve fit. 

2.3.3 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Proteins for western blot analysis were separated using SDS-PAGE. 

Resolving and stacking gels were prepared according to requirements 

(Appendix E). Resolving gels were cast using 10cm x 8cm gel cassettes 

consisting of glass front and spacer plates (BioRad) and 0.75mm plastic 

separating combs (BioRad). Resolving gels were cast first and left to set for 

20min-1h, covered by 70% EtOH. The layer of 70% EtOH was then poured 

off, the stacking gel poured on top and the separating comb inserted to 

generate wells for sample loading. Equivalent protein concentrations 

(calculated via BCA assay) were mixed with 6x Laemmeli sample buffer 

(Appendix D), whereupon they were heated at 100°C/5min and placed on ice.  

Samples and 10µL of protein ladder (pre-stained broad range molecular 

weight markers) were then loaded and electrophoresed (40mA/gel, or 35V/gel 

for caspase-3 gels), using a Bio-Rad Mini-Protean II gel system in Tris-glycine 

running buffer (Appendix D).  
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2.3.4 Western Blot Analysis 

Proteins were wet-transferred to nitrocellulose membranes using the Bio-Rad 

Mini-Protean blotting system (100V/75 min or 200mA/2h for caspase-3). 

Membranes were then stained with Ponceau S (Appendix D) and 

photographed, before being de-stained with TBS washes.  Membranes were 

blocked for 1h with 5% (w/v) milk or BSA in 1xTBS containing 0.1% (v/v) 

Tween-20 (TBS-T), then incubated with primary antibody (Appendix A) 

overnight at 4°C. Following 3x 5min washes in TBS-T, horseradish peroxidase 

(HRP)-tagged anti-mouse or anti-rabbit secondary antibody was incubated for 

1 hour at room temperature (RT). After incubation, membranes were washed 

a further 3x 5min in TBS-T, after which membranes were immersed in 

enhanced chemiluminescence solution (ECL; Millipore Immobilin Western 

#WBKLS0050) for 1 minute before being imaged in a Bio-Rad ChemiDoc MP 

imager. 

2.3.4 Stripping of Membranes 

In order to remove previously probed membranes of bound antibody, 

membranes were washed 3 times for 5 min in TBS-T and then stripped in 

either a β-mercaptoethanol-based buffer (Appendix D) (65°C/15 min), or 

Restore Western Blot Stripping Buffer (Thermo Scientific) (RT/10-15min) prior 

to being washed and Western blotted for a second antigen. Densitometry for 

actin was used as an internal reference point for signal intensities between 

treatment groups. 

2.3.5 Statistical Analysis of Protein Expression 

Volume intensity of western blot bands was calculated using Image lab 

software 5.2.1 where the protein of interest intensity was calculated relative to 

the loading control. Average mean data (± standard error of the mean (SEM)) 

values from western blot experiments were calculated and graphed using 

Graphpad Prism 7, Experimental data (n=3) were statistically tested with one-

tailed, unpaired t-tests (*p<0.05, **p<0.01, ***p<0.001) 
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2.4 Viability Assays 

2.4.1 Alamar Blue 

Cellular viability was measured via Alamar Blue-Resazurin (Invitrogen 

DAL1025) assays as follows. Various cell numbers were plated in 96-well 

plates (see individual figures). After drug incubations, media was aspirated 

and Alamar blue solution added to a final concentration of 220μg/mL. Cells 

were incubated in the dark (5h/37°C), and fluorescence measured at 610nm 

using a VICTOR™ X3 Multilabel Plate Reader. Statistical analysis was 

performed using Graphpad Prism-6 software, and statistical significance 

(*p<0.05, **p<0.01, ***p<0.001) calculated following software-recommended 

tests and post-tests and described in individual figure legends. 

2.5 Microbiology 

2.5.1 Transient JAM-A Overexpression 

Luria-Bertani broth (LB) (Fisher BioReagents #BP1426) and LB agar (Fisher 

BioReagents #BP1425) were prepared with distilled H2O and autoclaved. 

Ampicillin (Amp) was then added to each preparation to a final concentration 

of 100µg/mL. LB-Amp agar was poured onto sterile plates in a class II laminar 

flow hood. Following setting and cooling of LB-Amp agar plates, inoculation 

loops were sterilised and used to streak plates with bacteria from 

commercially-available agar stabs containing Amp-resistant vectors. The 

vectors were as follows: empty backbone vector (EV) (FLAG-HA-pcDNA3.1 

Plasmid #52535 addgastro-oesophagealne.org) or full-length human JAM-A 

vector (J+) (hJAM-A pcDNA3.1 Plasmid #70073 addgastro-

oesophagealne.org). Cultures were incubated at 37ºC overnight in a shaking 

incubator. 

2.5.2 Single Colony Selection 

Single colonies were selected from either EV or J+ containing plates, 

inoculated into 5mL LB-Amp broth and incubated overnight at 37ºC in a 
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shaking incubator. Cultures were then inoculated into 45mL fresh LB-Amp 

broth and incubated overnight at 37ºC in a shaking incubator. 1mL of the LB-

Amp broth containing either EV or J+ plasmid was then added to 1mL glycerol 

(Sigma, #G5516) and placed into long-term storage at -80ºC. 

2.5.3 Plasmid Purification 

Using a commercially-available plasmid plus prep kit (Qiagen), bacteria were 

centrifuged as per manufacturer instructions and plasmid DNA purified using 

the QIAvac 24 plus vacuum system. Collected samples were then assessed 

using the Nanodrop8000 spectrophotometer for DNA quantification at 

OD260nm.   

2.6 Transient siRNA-Mediated Gene Silencing or 

Overexpression 

2.6.1 Transient siRNA-Mediated Gene Silencing of JAM-A 

To determine the effect of JAM-A silencing on cell viability/proliferation and 

downstream protein expression, a pool of siRNAs targeting the F11R (JAM-A) 

gene were transiently transfected into various cell types using DharmaFECT-I 

(Dharmacon, USA #T-2001-02) transfection reagent according to the 

manufacturer’s protocol. Non-targeting siRNA control siRNA pool [siNeg] (ON-

TARGETplus non-targeting pool, Dharmacon #D-001810-10-05) or JAM-A 

siRNA ([siJAM-A1] - SASI_Hs01_00049785, Sigma-Aldrich, [siJAM-A11] - 

(see Appendix G), Dharmacon, Lafayette, USA), were pooled (siJp) and 

transfected into gastro-oesophageal cell lines at a final concentration of 25nM, 

whereupon both cell viability and protein expressional changes were analysed 

via Alamar blue assays and Western blotting respectively.  

Briefly, cells were either plated at 2 x 105 cells per well in 6-well plates or at 5 

x 103 cells per well in 96-well plates, and allowed to undergo one population 

doubling prior to transfection. siRNAs were diluted sterile ddH2O to give final 

concentrations of 25nM, combined with DharmaFECT-I transfection reagent in 

400µl additive-free medium and incubated at RT for 10 minutes. Antibiotic-free 
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media was made up by adding 10% FBS and 1% L-glut to the volume of 

medium required prior to adding it to each transfection plate (160µl / well for 

96-well plates; 1.6mL/well for 6-well plates). Subsequently 40µl (96-well plate) 

or 400µl (6-well plate) of siRNA-DharmaFECT mixture was added to 

corresponding wells. Cells were incubated at 37°C with 5% C02 and extracted 

96h post-transfection (unless otherwise stated in individual figures).  

2.6.2 Transient JAM-A Overexpression 

ESO26 cells were plated 72h prior to transient transfections, whereas NCI-

N87 and OE19 cells were plated 24h prior to transfection (2 x 105 cells / well 

for 6-well plates; 5 x 103 cells / well for 96-well plates). For the transfections, 

3µL of GeneJuice (Novagen) was added to 100µL of additive free media and 

vortexed briefly. 1µg of either EV or J+ vector was added to the mix and 

incubated for 10mins at RT. Either 1900mL or 190µL was then added to 6-well 

or 96-well plates (respectively), to which 100µL or 10µL of transfection mix 

was added to either 6-well or 96-well plates respectively. The transfection mix 

was replaced with fresh medium on ESO26 cells following 24h incubation; and 

on NCI-N87 and OE19 cells at 72h post-transfection.  All cells were extracted 

for either RNA (Section 2.8.1) or protein analysis at 72h post-transfection.  

2.7 Phenotypic Evaluation 

2.7.1 Invasion Assay 

Following transient JAM-A gene silencing or overexpression, invasive 

potential was assessed using a commercially available 96-well basement 

membrane extract (BME) cell invasion assay (Cultrex). Before invasion 

assessment, ESO26 and OE19 cells were transiently modified for both JAM-A 

overexpression and gene silencing (as previously described) in 6-well plates 

for either 72h or 96h (as stated) in triplicate. 4h prior to the assay being 

carried out, the 96-well plate was coated with 0.5X BME solution in the top 

chamber of assay plates and incubated at 37ºC in a humidified CO2 Incubator.  

Next, transiently modified cells were trypsinised, each treatment condition 

counted, and 5 x 105 cells in 50µL additive-free media made up in triplicate. 
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The BME coat was aspirated and triplicate technical replicates placed in 

additive-free media in the top chamber of the assay plate, with either serum-

containing or additive-free media placed in the lower chamber. Following a 

24h invasion period, the top and bottom chambers were aspirated and 

washed using PBS wash buffer. Calcein-AM and cell dissociation solution 

were then added to the lower chamber (as per the manufacturer’s instructions) 

and incubated for 1h at RT. The top chamber was then removed and the 

bottom plate read for changes in fluorescence at 485nm excitation and 520nm 

emission. A standard curve of serial dilutions of both ESO26 and OE19 cell 

number (50,000, 25,000, 12,500, 625, 312.5, 0) was also generated in 

separate curves to extrapolate cell numbers from fluorescent outputs.  

2.7.2 Colony Forming Assays 

ESO26, N87 and OE19 cells were plated at 1 x 103 cells per well in 6-well 

plates. Following 7 days of establishment, cells were treated with various 

treatments/transient transfections (see individual figures). Following 72h 

incubation, treatments/transfections were removed from the cells, which were 

placed in additive-containing media. Cells were left to form colonies for a 

further 10 days, with a single media change given on the 7th day post-

treatment/transfection removal.  

Upon completion of incubation, colonies were washed in PBS and fixed in 

100% ice-cold EtOH at -20ºC for 20mins. Following fixation, plates were 

washed with PBS. 0.5% (v/v) Crystal Violet solution in ddH2O was then added 

and incubated at RT for 20mins. Crystal violet was removed and each well 

was then washed 3x in PBS. Plates were left to dry. Plates were kindly 

photographed by Julie Workman (Department Molecular Medicine, RCSI) 

using a Canon EOS 7D camera, after which 1mL methanol was added to 

solubilise each well with gentle rocking for 30mins (138). Absorbance was 

then read at 595nm on a VICTOR™ X3 Multilabel Plate Reader. 
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2.8 qRT-PCR 

2.8.1 RNA Extraction 

In order to determine mRNA expression of JAM-A and other target genes in 

gastro-oesophageal cell lines, 2 x 105 cells per well were plated in 6-well 

plates and transfected after 96h with a final concentration of 25nM of either 

non-targeting siRNAs (siNeg) or JAM-A pooled (siJp) siRNA targeting JAM-A. 

Following 96h of transfection, total RNA was extracted by adding 1mL of TRI-

Reagent (Sigma-Aldrich) to each well and transferring into 1.5ml tubes. 

Following 5mins incubation at RT, 100µL of chloroform was added to each 

sample, vortexed for 15s and incubated for 10mins at RT. The samples were 

centrifuged at 12,000 × g for 15mins at 4°C. The aqueous phase was then 

added to 250µl isopropanol. Following another 5min incubation at RT, 

samples were centrifuged at 12,000 × g for 15 minutes at 4°C, supernatants 

discarded and the RNA pellet re-suspended and washed in 75% ethanol, 

centrifuged at 12,000 × g for 5 minutes at 4°C, air-dried for 5–10 minutes and 

finally resuspended in 25 µL nuclease-free water. 

2.8.2 RNA Quantification 

 RNA was quantitated using a NanoDrop8000 Spectrophotometer (Thermo 

Scientific, Waltham, USA) using the following formula: OD260nm x Dilution 

factor x 40 = mg/ml RNA. Pedestals (upper and lower) were cleaned before 

and after use with nuclease free H2O and Kim-wipes. Using the 

NanoDrop8000 software, “nucleic acid” was selected and the instrument 

blanked using 2 µL nuclease-free H2O (or equivalent matched vehicle control 

for RNA samples). Pedestals were then wiped clean, samples loaded (1 µL) 

onto pedestals and read at ng/µL.  A260/A280 ratio of 1.8 is indicative of pure 

RNA when diluted in nuclease free water, but samples between 1.6-2.0 were 

observed and used. RNA samples were stored at -80ºC.  
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2.8.3 cDNA generation 

Based on quantification, samples were calculated to give 500ug RNA in 

nuclease free H2O.  Using the QuantiTect Reverse Transcription Kit (Qiagen, 

Venlo, Netherlands) according to the manufacturer’s instructions, genomic 

sequences were removed and reverse transcription carried out for cDNA 

generation. 

2.8.4 Primer Design 

Primers were designed under specific guidelines using the online tool Primer-

BLAST (https:www.ncbi.nlm.nih.gov/tools/primer-blast) based on required 

gene sequence. Primers were selected to have GC content of between 40-

60%, span 2 exons with an ideal product size of 100-200bp and Tm of ~60ºC. 

Primer sequences and final concentrations can be found in Appendix H. 

2.8.5 qRT-PCR Analysis 

Real time qPCR reactions were performed using a LightCycler 480 SYBR 

Green I Master Kit (Roche, Basel, Switzerland) according to the 

manufacturer’s instructions, and analysed using a LightCycler 480 Instrument 

/ System (Roche).  The SYBR Green qRT-PCR programme measures 

fluorescent emission when the SYBR dye is incorporated into the DNA helix 

and hence fluorescent reads are proportional to the amount of double-

stranded DNA generated during the programme. Samples first underwent a 

pre-incubation at 95ºC x 5 min. Amplification, annealing of primers and the 

elongation programme was set as follows: 95ºC x 10 sec, 56ºC x 10 sec (or 

55ºC in some instances) and 72ºC x 10 sec (25 bases/sec), respectively. This 

3 step cycle was repeated 40-45 times and cycle threshold (Ct) values 

generated based on the amount of DNA amplified.  Experimental data then 

underwent analysis as follows: Average Ct values for all gene replicates, Delta 

Ct value between gene of interest and housekeeping gene for each 

experiment, average Delta Ct values between experiments (replicates), Delta-

Delta Ct values (Delta Ct experiment - Delta Ct control) and finally Fold 

Change [2^(-Delta Delta Ct)]. 
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2.9 Immunohistochemistry 

2.9.1 Tissue Microarray Staining 

Gastric cancer Tissue Microarrays (TMAs) (kindly donated by Prof. Karin 

Jirstrom, Lund University, Sweden) were stained for JAM-A (Abnova) 

(Appendix B) by Dr. Joanna Fay (Biobank Technician, Beaumont Hospital) 

and scored for membranous JAM-A expression with the assistance of Dr. 

Kathy Sheehan (Consultant Histopathologist, Beaumont Hospital). Analysis 

was conducted using a 0, 1+, 2+, 3+ semi-quantitative scoring system; where 

0 denoted no staining, 1+ denoted weak, non-complete membranous staining, 

2+ denoted weak complete membranous staining and 3+ was given for strong 

complete membranous staining. All images were obtained using an Olympus 

CKx41 microscope with Cell B imaging software at 20x magnification. 

2.9.2 Full-Face Gastric Cancer Tissue Staining 

Gastric cancer tissues from n=11 patients were kindly sectioned and stained 

for JAM-A or EphB4 by Dr. Tony O’Grady (Chief Medical Scientist, Beaumont 

Hospital) (Appendix B). Scoring of both JAM-A and EphB4 membranous 

staining was completed individually and with the assistance of Dr. Kathy 

Sheehan and Professor Elaine Kay (Consultant Histopathologists, Beaumont 

Hospital). Analysis was accomplished using a weighted ranking system, 

allocating 0.25 for every % graded 1, 0.5 for every % graded 2 and 1 given for 

every % graded 3. Based on this the overall score was then calculated per 

tissue section and ranked either low (<33), moderate (33-66) or high (>66) for 

JAM-A staining based on overall score. All images were obtained using an 

Olympus CKx41 microscope with Cell B imaging software at 20x 

magnification. 

2.9.3 Cell Pellet Staining 

The cell lines ESO26, NCI-N87 and OE19 were pelleted following sub-

culturing, all trypsin was removed with a sterile PBS wash followed by re-

centrifugation at 300rcf/3min, after which point PBS was removed. Cells were 
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re-suspended in formalin, then agar, then paraffin-embedded and sectioned to 

be stained for JAM-A, HER2 and HER3.  

2.10 Immunofluorescence 

ESO26 cells were plated at 5x104 per well onto sterilised 13mm round glass 

coverslips in 24-well plates. After the indicated treatment incubation periods, 

cells were washed 2 times in 1mL PBS. Cells were then fixed in 500 µL ice-

cold 100% ethanol at -20°C for 20 minutes. Cells were again washed twice in 

PBS before the inserts were removed and placed cell side down on 100µl of 

blocking buffer (5% goat serum in PBS). The primary antibody was then made 

up using the same diluent as blocking buffer (Appendix C). Inserts were 

placed into a humidity chamber onto 100µl drops of primary antibody and 

incubated overnight at 4°C. The next day, inserts underwent 3 x PBS washes 

in drops of PBS. The secondary antibody with fluorescent tag (either Alexa-

fluor-488 goat anti-mouse IgG or Alexa-fluor-568 goat anti-rabbit IgG), was 

then made up using the same diluent and specific to primary antibody species 

at 1:200. Cells were incubated in 100µl drops for 1 hour at RT and then 

washed 3 times in PBS. The inserts were then placed cell side down onto 

slides using 5µl Vectashield mounting medium with DAPI (Vector 

Laboratories, Cat # H-1200). Images were then acquired using an LSM510 

confocal microscope connected to a charge-coupled device camera.  

2.11 Annexin-V Apoptosis Assay 

Cell death was assessed using the BD FITC Annexin-V Apoptosis Detection 

Kit I (Becton Dickinson, #556547). Cells were plated at 300,000 cells/well in 6 

well plates for 48 hours then treated with either vehicle control, Crassin (5µM) 

or Staur. (1µM) as a positive control. Cells were washed using chloride- and 

magnesium-free PBS (CMF-PBS) and trypsinized. Tubes were centrifuged 

(670 rcf/5 minutes) and washed 3x in CMF-PBS, following which the cell pellet 

was resuspended in 200µl incubation buffer and 5µl Annexin-V and 5µl 

propidium iodide (PI) dyes and incubated at RT for 15 minutes. Cells were 

gated and 20,000 analysed on a Beckman Coulter FC500 flow cytometer; and 
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% gated were recorded in order to generate mean ± SEM of experimental 

data (n=3) for analysis of cell death using Graphpad Prism 6 (conditions 

relative to vehicle control (DMSO 0.025% v/v)).  

2.12 Cycle Cycle Analysis 

Cytostasis of cells was assessed using the same method as Annexin-A 

Apoptosis Assay (without the staurosporine positive control). Cells were plated 

at 300,000 cells per well and treated with either vehicle control, Crassin (5µM) 

± NAC (3mM).  Cells were washed using chloride- and magnesium-free PBS 

(CMF-PBS) and trypsinized. Tubes were centrifuged (670 rcf/5 minutes) and 

washed 3x in CMF-PBS, following which the cell pellets were resuspended in 

200µl incubation buffer and 5µl propidium iodide (PI) dye and incubated at RT 

for 15 minutes. Cells were gated and 20,000 analysed on a Beckman Coulter 

FC500 flow cytometer for peaks of G1/G2 of cell cycle staging; and % gated 

were recorded in order to generate mean ± SEM of experimental data (n=3) 

for analysis of cell death using Graphpad Prism 6 (conditions relative to 

vehicle control (DMSO)).  

2.13 Lactate Dehydrogenase (LDH) Assay 

Necrosis was assessed using Sigma LDH Assay Kits (#MAK066).  MDA-MB-

231 cells were plated at 5,000/well in 96-well plates and treated 36h later with 

Crassin or vehicle for 48h. Incubation with 1% (v/v) 10x Triton-X100 (45 

minutes/37°C) was used as a positive control for maximum cell lysis. Plates 

were centrifuged (670 rcf/5 minutes) and the supernatant transferred to new 

plates. LDH Assay buffer and substrate mix were added as per product 

manual and incubated for 2 minutes. Following incubation, plates were 

spectrophotometrically read at 450nm on a VICTOR™ X3 Multilabel Plate 

Reader. 

2.14 Bromodeoxyuridine (BrdU) Assay 

Proliferation was assessed using Roche Cell Proliferation ELISA, BrdU kit 

(#11647229001, Sigma). Following Crassin treatment, cells were labelled with 
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BrdU labelling solution (per kit instructions) for 2h/37°C. The labelling solution 

was replaced with FixDenant solution (30 minutes/RT). This solution was then 

replaced by anti-BrdU-POD antibody for 90 minutes at RT, after which the 

cells were washed and incubated with substrate solution (10 minutes/RT) 

followed by stop solution (1M H2SO4). Plates were read at 450nm (reference 

690nm) using a VICTOR™ X3 Multilabel Plate Reader.  

2.15 Chick Chorio-Allantoic Membrane (CAM) Assay 

2.15.1 Xenograft Generation 

Fertilised chick eggs were obtained from Shannonvale Hatcheries (Co. Cork) 

and gently washed with sterile ddH2O in a primary culture hood. Eggs were 

then marked on top with a pencil line, to ensure they remain the correct way 

up throughout the assay and then stored in a cotton wool-padded incubator at 

37°C (Day 0). On day 3, eggs were removed from the incubator, a small 

puncture wound made in the bottom right hand corner of the egg using an 

18G needle and ~3mL of albumin was withdrawn (Figure 2.2). A small 

window was then cut on the top of the egg and re-covered with a semi-

permeable membrane. On day 7, T-75 flasks were treated with either siNeg or 

siJp (final concentration 25nM). On day 8, the semi-permeable window was 

re-opened, and a silicon ring (removed from cyrovials and washed in EthOH, 

followed by ddH2O) was placed on top of each CAM. 2x106 ESO26 cells 

(either untreated or 24h-treated siNeg or siJp), previously pelleted, were 

resuspended in 50µL of additive-free RPMI-1640 plus 50µL Matrigel and 

slowly added (dropwise) into the centre of the silicon rings. The window was 

re-covered using fresh semi-permeable membrane and eggs replaced at 

37°C. On days 10 and 12, untreated ESO26- containing eggs were treated 

with either Crassin (1.15µM) or vehicle control (DMSO) at a total volume of 

15µL dropped directly onto the model xenografts sitting on the silicon rings. 

On days 10 and 13, siNeg- and siJp-treated eggs were re-treated with siRNA 

(25nM final concentration) in 15µL final volume dropped directly onto cell 

mass within silicon rings. The eggs were then replaced at 37°C. On day 14, 
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the embryos were sacrificed and the tumour xenografts extracted by removal 

of surrounding CAM (cutting 1cm diameter around silicon ring).  

2.15.2 Xenograft Fixation and Immunohistochemical Analysis 

Xenografts were fixed overnight in formalin and transferred to 70% EthOH the 

following day. Tumours were then paraffin-embedded, sectioned by Lance 

Hudson (Department of Surgery, RCSI) and immunohistochemically stained 

for Ki67, cytokeratin, JAM-A and HER2 (by Dr. Joanna Fay, Histopathology). 

Ki67 was scored as either positive or negative based on the presence of Ki67-

positive cells. Cytokeratin staining was observed and noted as either present 

or absent; evidence of invasion beyond the Matrigel plug was also noted. Both 

JAM-A and HER2 were scored as previously described, as either 0,1+, 2+ or 

3+ based on intensity and completeness of membranous staining.  

  

Figure 2.2 Representation of a CAM Assay Day 0 
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2.16 Kaplan Meier Curve Online Generator 

An online tool was used to generate Kaplan Meier curves examining patient 

survival data in the context of publicly-available gene expression datasets. 

This online tool, which allows users to select probes for their genes of interest, 

was used to examine the expression levels of several genes of interest in 

different cancers. The generator was found at www.kmplot.com and the green 

colour coded ‘JetSet best’ probes were selected for each gene as described in 

figure legends. The breast cancer generator is referenced in this paper (139) 

and the gastric cancer generator is referenced here (140).  

2.17 JAM-A ELISA Analysis for Cleaved JAM-A 

RayBiotech ELISA (enzyme- linked, immunosorbent assay) kits were used to 

quantify levels of cleaved human JAM-A in cell culture supernatants via 

coating of a specific human JAM-A antibody onto 96-well plates. Supernatants 

were extracted from ESO26, NCI-N87 and OE19 cells in which JAM-A had 

been transiently silenced (siJp versus negative control siNeg; 96h) 

overexpressed (EV or J+; 72h). Samples were then flash frozen at -80ºC 

pending the collection of n=3 experimental replicates. Samples were then 

thawed on ice and BCA assays performed to ensure adequate levels of 

protein for all samples. The JAM-A ELISA was performed by Dr. Emily 

Rutherford in order to assess the levels of cleaved JAM-A found in cell line 

supernatants. Standards of recombinant JAM-A were generated via serial 

dilution ranging from 50ng/mL-13.72pg/mL JAM-A. 100µL of each cell line 

supernatant condition was added in duplicate to 96-well plates coated with 

JAM-A antibody and incubated with gentle shaking for 2.5h at RT. Solutions 

were then discarded and washed 4x using 1x wash buffer. Following the 

complete removal of wash buffer, 100µL of biotinylated antibody was added to 

each well and incubated for 1h at RT while gently shaking, The solution was 

then again discarded and washed as before. 100µL of HRP-streptavidin was 

added to each well and incubated for 45mins whilst gently shaking. The 

solution was again discarded and washed as previously described. 100µL of 

TMB one-step substrate was added to each well and the plate was incubated 

http://www.kmplot.com/
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in the dark at RT for 30mins whilst shaking. Following this incubation, 50µL 

stop solution was added and the plate read immediately at 450nm using a 

VICTOR™ X3 Multilabel Plate Reader. 

2.18 Statistical Analysis 

Statistical analysis between groups was carried out using unpaired student t-

tests (unless otherwise stated in figure legends). All analysis was completed 

using GraphPad Prism 7 or SPSS statistical software, where data was either 

tabulated or graphed as mean ± standard error of the mean (SEM). 

Experiments requiring different statistical analysis are described in more detail 

within individual figure legends.  
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Chapter 3: Coral-Derived Crassin Treatment for 

Gastro-oesophageal and Triple-negative Breast 

Cancers 
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3.1 Introduction 

As the second most common cancer in the world, breast cancers are 

responsible for approximately 25% of all cancer-related deaths. Triple 

negative breast cancers (TNBC) comprise ~20% of all breast cancers (26). 

TNBC tumours fail to express three common receptors: estrogen receptor 

(ER), progesterone receptor (PR) and human epidermal growth factor 

receptor-2 (HER2) (26, 27). Accordingly, TNBCs do not benefit from many 

currently available targeted therapies and make use of more conventional 

chemotherapeutic therapies as their main treatment type (27). However 

TNBCs are not the only type of cancer lacking successful targeted therapy 

approaches. For example, as discussed in Section 1.3; gastro-oesophageal 

cancers are also typically difficult to treat and are associated with poor 

prognosis for patients. These cancers illustrate the growing need to develop 

drugs which are beneficial in ‘difficult to treat’ cancer settings. Rather than 

expecting targeted therapies to be the solution in all settings, it could be 

argued that a broader approach to treatment will prove critical to improve 

recovery rates in certain cancers and to overcome the development of de 

n o vo  and acquired resistance.  

So what is an ideal broad-spectrum anti-cancer drug? Conventional cancer 

therapies such as cisplatin, doxorubicin and 5-flourouracil personify the 

“broad” treatment approach, but often have numerous undesirable off-target 

effects (141-143). Therefore there is an argument for drug discovery which 

takes a step back from conventional chemical synthetic approaches. 

Compounds derived from natural sources have been proposed to exhibit 

improved toxicity profiles when compared with purely synthetic compounds; 

hence natural compound screening libraries have been employed as tools to 

discover anti-cancer agents with minimal side effects (144, 145). One 

important compound discovered in this manner, Taxol, a diterpenoid 

compound which derives from the bark of the Pacific yew tree, has become  a 

key component of front-line combination therapy in several cancers including 

breast and prostate (146). The ability of taxol to halt cell division through G2/M 
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cell cycle arrest exhibits powerful synergies with cytotoxic drugs. Other 

diterpenoid compounds such as Crassin A-H have recently been shown to 

induce cytotoxicity in leukemic and lung cancer cell models (147).  

Cytotoxicity, however, is but one paradigm to explain the anti-cancer 

properties of some drugs. Chemotherapies can work through cytotoxic or 

cytostatic mechanisms, or even a combination of both. Cytotoxic compounds 

induce cell death, either accidentally (ACD) or in a regulated fashion (RCD) 

(148). ACD is caused by severe insults induced through physical, chemical or 

mechanical injuries experienced by the cells; whereas RCD usually results 

from modification of the molecular machinery utilised by cells, often in 

response to immune or stress activation (148). Once these pathways are 

activated, the mechanisms of cell death can include (but are not limited to) 

apoptosis, autophagy, necrosis, necroptosis or ferroptosis (149-152).  

Apoptosis occurs through two mechanisms; intrinsic and extrinsic (153). 

Intrinsic apoptosis describes the upregulation of pro-apoptotic proteins like 

p53, which upregulate BH3 only proteins, which aggregate at mitochondrial 

membranes  and permit the release of cytochrome c, the formation of the 

apoptosome, the proteolytic cleavage of procaspase-9 and apoptotic induction 

(153-155). Extrinsic apoptosis utilises a ligand-presenting cell; often a 

lymphocyte or natural killer cell; which binds and activates a cell-surface 

receptor containing a death domain, recruitment of pro-caspase 8 and 10 and 

the downstream proteolytic cleavage of caspases and activation of apoptosis 

(153, 156).  

Autophagy translates as ‘to eat oneself’, and refers to cell death in response 

to nutrient stress or lack of energy production (157). The cell utilises 

autophagosomes which engulf entire organelles within the cell and join with 

lysosomes to complete the degradation of its content, which is then recycled 

(157, 158). In contrast, necrosis, unlike apoptosis and autophagy, is often 

referred to as an ACD (159) in response to unexpected trauma or insult (160). 

Reductions to cellular ATP levels induce membrane permeabilisation and 
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leakage of the cytoplasm into the surrounding area. This leaky phenotype 

promotes inflammatory responses around the dying cell (160).  

Necroptosis, aptly named for its crossover between necrotic morphology but 

extrinsic apoptotic mechanisms, is initiated when a presenting ligand activates 

necrosome formation (161, 162). The necrosome then reduces cellular ATP 

and generates Reactive Oxygen Species (ROS) within the cell, increasing 

membrane permeability which causes swelling and the appearance of 

necrosis prior to ultimate death by apoptosis (163). Ferroptosis is an iron-

dependent form of cell death, where System Xc (responsible for cysteine 

uptake within the cell), is inhibited and glutathione levels become reduced 

(164-166). The cell then becomes vulnerable to ROS and lipid peroxidases. 

Lipid peroxidases require iron in order to destroy mitochondria within the cell, 

hence iron chelators and ferrostatin have been shown to inhibit ferroptosis 

(164, 166, 167).  

In contrast to the above mechanisms, cytostatic or ‘anti-proliferative’; agents 

do not induce ACD or RCD, but instead inhibit cellular proliferation through 

mechanisms such as oxidative stress, DNA damage and cytoskeletal 

inhibition. Interestingly, some chemotherapeutic agents have the capacity to 

induce both cytotoxic and cytostatic phenotypes, depending on drug dosage 

and timing. Activation of oxidative stress may be one factor which influences 

the outcome in favour of either cytotoxicity or cytostasis (168, 169). 

Specifically, while early work settled upon oxidative stress as a tumour-

promoting environmental factor (170, 171), more recent research is showing 

that oxidative stress can also act as a switch to push tumours towards 

cytotoxicity or cytostasis (170).  

In an attempt to help develop increased treatment options for ‘difficult to treat 

cancers’, our laboratory previously screened a natural compound library (US 

National Cancer Institute Developmental Therapeutics Program, 

www.dtp.cancer.gov) for potential candidates with bioactivity against cancer 

cells in vitro . Having screened the panel, we found a diterpenoid coral-derived 

compound, Crassin (Crassin/S-Benzyl-N-malonylcysteine, compound 
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reference NSC-210236), to exert significant bioactivity across a number of 

cancer cell types. The focus of this chapter, therefore, was in beginning to 

explore the utility of this compound in models of “difficult to treat” cancers.  
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3.2 Aims of this Chapter 

The broad aim of this chapter was to explore the potential anti-cancer effects 

of a coral-derived compound Crassin and to elucidate its mechanism of action. 

The specific aims were as follows: 

Specific Aim 1: To confirm the bioactivity of Crassin in gastro-oesophageal and 

triple-negative breast cancer cell models. 

Specific Aim 2: To identify whether Crassin has the ability to reduce functional 

behaviours associated with tumour aggressiveness in gastro-oesophageal and 

triple-negative breast cancer cell models. 

Specific Aim 3: To elucidate the mechanism of action of Crassin in cell line 

models. 
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3.3 Results 

In-house screening via cell viability analysis was undertaken, examining the 

effect of novel compounds donated by the US National Cancer Institute 

(www.dtp.cancer.gov) in cancer cell lines using Alamar blue metabolic assays. 

Reduced viability of cancer cell lines following treatment with novel natural 

compounds was indicative of an anti-cancerous agent. Using this approach, 

one promising compound, coral-derivedCrassin (NSC-210236) emerged.  

3.3.1 Crassin treatment significantly decreases cellular viability across a 

panel of gastro-oesophageal cancer cell lines. 

A panel of gastro-oesophageal cell lines was treated with Crassin at varying 

concentrations or matched vehicle controls (DMSO). As illustrated in Figure 

3.1, concentration-dependent reductions in cell viability of ESO26, N87 and 

OE19 cell lines were observed following Crassin treatment for either 24h or 

48h. The IC50 of Crassin was thus established as 2.27µM (24h) and 1.15µM 

(48h) in ESO26 cells, as 6.05µM (24h) and 4.52µM (48h) in N87 cells, and as 

7.58µM (24h) and 2.68µM (48h) in OE19 cells. Furthermore, reductions in cell 

viability were statistically significant across all three cell lines following 5µM 

Crassin treatment for 48h. Specifically, cell viability was reduced in ESO26 by 

89 ±2%, N87 by 55 ±11% and OE19 by 62 ±13%.  

  

http://www.dtp.cancer.gov/
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Figure  3 .1 :  Crass in s ignific a ntly  decre ase s  ce ll ula r via bility a c ross  a 

pane l of GE  ca nce r c e ll  line s .  E S O2 6  (A) , N87  (B)  a n d  OE 19  (C)  ce lls 

w e re p late d a t 5 , 00 0 ce lls p e r w e ll a n d treated  w ith  se ria l d ilu tion s  o f Cra ssin 

(20 - 0 .32 5 µ M) fo r 2 4  o r 4 8 h . Cell viab ility w as a ss e ssed  sp e cto ph ome trically 

u sing  A lama r B lue  me ta bo lic a ssa ys a n d  e xp ressed  a s % o p tica l d e n sity 

rela tive to  th at  of a mat ched veh icle con trol (DMSO;  0.0015625, 0.003125, 

0.0625, 0.0125, 0.025, 0.5, 0.1% v/v).  Dat a from n =3  ind e pe n de n t 

e xp e rime n ts a re rep re se n te d , a n d  e xp resse d  a s me a n  ± S E M. IC 50 va lue s 

w e re ca lcula ted  u sing Grap h pa d  Tra n sfo rm fu n ction  a nd  cu rve fitt e d  u sin g 

n o n - lin ea r reg ression . E S O26 , N87  a n d OE19  (D) ce lls w e re p lated  a t 5,0 00 

ce lls p e r w e ll a n d  trea te d  w ith  5 µ M  cra ssin o r DMS O (0.0 2 5 % v /v). A ft e r 4 8 h 

ce ll viab ility was a ssesse d  spe ctop h o me trically u sing  A lama r B lue me ta b o lic 

a ssa ys an d  e xp ressed % o p tica l d e n sity relative  to  th a t o f a  ma tche d  veh icle  

co n trol. Data  (n =3  in d ep e nd e n t e xp e rime n ts) a re e xp ressed  rela tive  to  ve h icle 

con trol (D MSO) as mea n ± SEM. St at istical an alysis w as calculate d using 

p a ire d , tw o - tailed Studentôs t- tests  (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001). 
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3.3.2 Crassin significantly decreases colony-forming ability of gastro-

oesophageal cell lines 

As Alamar blue assays only establish whether cellular metabolism is affected 

following treatments, we sought to investigate the phenotypic effects of 

Crassin on gastro-oesophageal cancer cell lines using colony-forming assays.  

As shown in Figure 3.2 ,  Crassin successfully inhibited colony formation when 

compared to vehicle control- (DMSO-) treated wells. Relative to matched 

vehicle control wells, ESO26 cells exhibited significant reductions in colony 

forming capabilities (by 86 ± 4%; p<0.0001, that in N87 cells significantly 

decreased by 68 ± 8% (p<0.0012), while colony-forming capabilities were 

significantly reduced in OE19 cells by 94 ± 2% (p<0.0001).  
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Figure  3 .2 :  Cras sin trea tment dec re a sed c olony - formi ng c a pabi li tie s  

a c ross  a  pane l of gas tro - oes ophag e a l  c ance r c ell  li nes .  E SO2 6  (A, D) ,  

N87  (B, E )  a n d OE 19  (C, F)  ce lls w e re p late d  at 1 , 0 0 0  ce lls p e r w e ll an d 

trea ted w ith Crassin or veh icle (DMSO)  at  th eir est ablished  IC 50  (ES O2 6; 

1 .1 5 ɛM (DMS O 0 .0 0 00 6 % v/v) N87 ; 4 .5 2 ɛM (DMS O 0 .0 0 0 2 3 % v/v) OE 1 9; 

2 .6 8  (DMS O 0 .00 01 34 % v/v)) . Colo n y fo rma tio n  w a s a sse sse d fo llo w ing 

crysta l viole t sta inin g a n d  so lub ilisat ion  in me th an o l  a n d  re a d a t 59 5 n m o n  a 

VICTORÊ X3 Multilabel Plate Reader (Perkin Elmer).  Data  (n=3 ind e pe n de nt 

e xp e rime n ts) a re e xpresse d  relat ive to  veh icle  co n trol (DMS O) a s me a n  

± S E M. S ta tistica l an a lysis w a s ca lcula ted  using  u np a ire d, tw o - ta ile d  t - te sts 

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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As previously discussed, we suspected that this natural compound may have 

an improved toxicity profile when compared to other chemotherapeutics 

available. However, Crassin is a relatively novel compound which (to the best 

of our knowledge) has not been tested in an in vivo se tt ing .  We therefore 

wanted to extend studies on the bioefficacy of Crassin past in vitro  settings 

and into a chick embryo model. This in o vo /se mi - in vivo  approach allows 

tumour formation through the ‘hijacking’ of the angiogenic system on the 

developing chorioallantoic membrane (CAM) of fertilised chick embryos (172).  

3.3.3 Crassin reduces xenograft tumour burden in CAM Assays 

Fertilised hen eggs were incubated at 37°C and underwent procedural steps 

described in Figure 3.3.  Following implantation of ESO26 cells onto the chick 

CAM on day 8, windows were re-covered with a semi-permeable membrane 

and left to develop. On days 10 and 12 eggs were re-opened at their window 

and treated with either the IC50 of Crassin (1.15µM) or with matched vehicle 

control (DMSO, 0.00006% v/v) Initially, there were 10 eggs allocated per 

treatment group, but with ongoing issues throughout the procedure 

maintaining chick embryos, only 6 chick embryos survived for each condition 

(Vehicle control and Crassin). We also saw the loss of three eggs on the final 

night of incubation (2 DMSO and 2 Crassin-treated), however the xenografts 

were still believed to be viable and were extracted, sectioned, stained and 

included in the results presented.  

As illustrated in Figure 3.4, DMSO-treated eggs had more grossly-visible 

tumours (VT) at the endpoint of the study (80%), whereas in contrast, Crassin 

treated tumours had more non-visible tumours (NVT) (67%). This suggested 

that Crassin has the ability to reduce tumour development in a se mi - in vivo  

setting. However, two Crassin-treated tumours did continue to develop 

tumours (Appendix J - Supplementary Figure 1). We speculate that this 

may be as a result of the method of the treatment; ensuring correct placement 

locally over developing xenograft tumours by hand; rather than a statement on 

Crassin bioefficacy. We saw no evidence of decreased embryonic viability 

across the Crassin-treated groups, rather the loss of viable eggs across both 
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treatment groups likely reflected procedural issues rather than overt toxicity of 

any of treatment.  

We next tested whether Crassin had the ability to reduce proliferation and 

invasion in the se mi - in vivo  setting by examining Ki67 and cytokeratin 

localization by immunohistochemistry.  
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Figure  3 .3 :  E s tabli s hme nt of the  in ovo  CAM a s s a y . Eg g  w ind ow s w e re 

o p en e d o n d a y 3  (A) a n d inspe cted  fo r vascu larisa tio n  (d e no ted b y b la ck 

a rro w ) a s e viden ce  of living  e mb ryos.  On  Day 8  w in d ow s w e re re - o pe n ed  and 

silicon  rin g s ge n tly p lace d  o n  th e CAM (de n o te d  b y g rey a rrow), 2  x 10 6  

E S O26  ce lls w e re th en  mixed  1 :1  w ith  M a trig e l a n d  slow ly d rop p ed  w ith in the 

silicon  rin g  ( xe n o g rafts d e n ote d  b y red  a rro w ) (B) .  In  situ  trea tme n ts w e re 

ad ded  as per met ho d de scribe d in Se ction 2.1 5 and  egg s w ere mon itored  for 

va scu larisa tion  on  e a ch  o cca s ion . On the  fina l d a y, e vid e n ce  o f tumo u rs w a s 

n o ted  fo r e a ch  con d ition  (C) . Thro ug h ou t th e  p roce ss, e g g s that d id n ot 

su rvive  th e  p roce ss a n d  sh ow e d  lo ss o f va scu larisa tion  were  d iscarded 

a p p rop ria te ly (D) .   
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3.3.4 Crassin treatment effects on proliferation and tumour markers 

Crassin- (n=6) and DMSO- (n=6) treated xenograft tumours were 

immunohistochemically stained for key tumour-associated proteins to assess 

the extent of growth and to visualise invasion. Interestingly, 67% of Crassin-

treated xenografts were negative for cytokeratin and Ki67 following binary 

visual quantification (presence or absence of positive staining) (Figure 3.4). 

However, due to the small numbers, no significant correlation was found by 

Fisher’s exact testing and further quantification of staining was not 

undertaken. In the DMSO-treated control group there was evidence of 

Figure  3 .4 :  Crass in re duce s  vis ible  deve lopme nt of gas tro - oe s ophage al 

x e nograft tumours  on the  CAM. Fol low ing  i mp lan ta tion  o f E SO2 6 ce lls o n to 

CAM me mb ran e s a n d trea tme n t w ith  e ith e r Cra ssin (1.1 5 µ M) o r  ma tch e d 

ve h icle  con trol (DMS O), g ross tu mo u r visib ility (A)  w a s n o te d  o n  the  fin a l d a y 

p rio r to  e x tract ion  a nd K i67  (B) a n d  cyto ke ratin  (C) p o sitivity/ n e g ativity w a s 

a sse ssed  fo llow ing  immu n o h isto ch e mical stainin g . Data  fo r Cra ssin (n=6 ) a n d  

fo r DMS O  (n=5 ) a re d isp laye d  th roug h o u t a nd  F isherôs exact tests  p er fo rme d . 

Ref lect ing  the  sma ll n u mb e rs, n o  sta tistica l sign ifican ce  w a s fou nd  fo r e ith e r 

trea tme n t g rou p .   
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invading tumour cells, which had moved out from the containment of the 

Matrigel and into the surrounding CAM tissue (Figure 3.5; black arrow). One 

egg within the vehicle control (DMSO)-treated group was not viable on the 

final day of extraction and failed to show any sign of tumour development. 

This may have been a failure within the chick embryo or incorrect implantation 

of cells within the silicon ring, as all other negative control tumours 

successfully formed.  It was also evident that implanted cells appeared in the 

Matrigel area of Crassin-treated xenografts, indicating that cells were correctly 

implanted, but that Crassin was successful in diminishing tumour 

establishment. Although some tumours did develop in the Crassin-treated 

group, overall these results indicated that Crassin was effective in a se mi - in 

vivo setting in reducing tumour growth and proliferation and concurrently had 

the ability to reduce the invasive phenotypes demonstrated within the negative 

control (DMSO)-treated group. Furthermore, lack of overall toxicity to 

developing embryos suggests Crassin may have potential as a candidate for 

further drug development.  

To further explore the bioactivity of Crassin in ‘difficult to treat’ cancers, we 

next examined the effect of Crassin in TNBC cells in vitro.  
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Figure  3 .5 :  Cras s in - trea ted gas tro - oes ophage a l x e nogra fts  s howed 

e v ide nc e  of inhibi ted proli fera tion .  2 x 106 ESO26 cells were implanted 

onto the CAM of fertilised hen eggs on day 8 of development and treated with 

either Crassin (1.15ҡM) or vehicle control (DMSO, 0.00006% v/v) on days 10 

and 12. On day 14, silicon  rin g s an d  su rrou n d ing  a rea s o f th e  CAM w e re 

e xcised , fo rma lin - fixe d a n d  sta ine d  fo r cyto ke ratin , K i67  o r h a e ma to xylin  a nd 

e o sin (H& E ) . S ta ined se ction s w e re the n  ima g e d  o n an  Olymp u s CKx41 

micro sco p e  a t 4 x o r 20 x w ith  Cell B  ima g ing  so ftw a re . A rea s o f tu mo u r a re 

d e no te d b y b lack a rrow s, a rea s o f M a trige l a re d en o te d  b y w h ite a rro w s and 

a rea s o f CAM a re d e no te d b y red  a rro w s. A ll ima g e s were  ob ta in e d u sing an 

Olymp u s CKx4 1  mi cro sco p e w ith  Cell B  ima g ing  softw a re  a t 2 0x 

ma g n ificat ion .  
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3.3.5 Crassin reduces the viability of TNBC cells 

Having demonstrated the ability of Crassin to halt aggressive cancer 

phenotypes in gastro-oesophageal cancer cell lines and in a se mi - in vivo 

setting, we next explored whether the bioactivity of Crassin could be 

demonstrated in another ‘difficult to treat’ cancer types. We established the 

IC50 of Crassin in the TNBC cell line MDA-MB-231 as 9.16 µM (24 hours) and 

4.65 µM (48 hours), respectively, using Alamar Blue - Resazurin assays 

(Figure 3.6). In addition to this concentration sensitivity, we also established 

time sensitivities to Crassin in two TNBC cell lines and in a primary TNBC cell 

culture (Figure 3.6). We found that MDA-MB-231 cells exhibited Crassin-

induced time-dependent reductions in viability of 38 ± 6.3% and 63.5 ± 4.1% 

at 24 hours and 48 hours, respectively (Figure 3.6). Similar time-dependent 

reductions in cell viability were observed following Crassin treatment in TNBC 

4T1 cells, namely 58.3 ± 9.9% and 86 ± 3.8% at 24 hours and 48 hours, 

respectively (Figure 3.6). A single biological replicate of the primary TNBC 

cell culture 198T also yielded similar data, with a significant reduction in 

viability (52 ± 0.02%) in Crassin-treated cells compared to vehicle control 

(DMSO) treated cells (Figure 3.6). 
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Figure  3 .6 : C ra s sin  dose  a nd time - dependently  re duces  the  v ia bili ty of 

TNBC c e ll s  MDA - MB - 2 3 1  ce lls w e re see d ed a t a  d e n sity o f 5 , 00 0  ce lls p e r w e ll 

in 9 6 - we ll p lat e s an d  t re a ted  4 8  h o u rs la te r w ith  Crassin  a t co n ce n tra tio n s rang ing 

from 0. 32 5 to 20 µM.  Cell viab ility was assessed  spe ctop hot omet rically using 

A lama r B lue  me ta b o lic a ssa ys, a n d  e xp resse d  a s % o p tica l d ensity relat ive to  

th a t in ve h icle  (DMS O) t rea te d  ce lls. Dat a  (n  = 3  ind e pe nd e nt e xp e rime n ts ) a re 

e xp ressed  a s X =log (X ) me a n  ± S E M. IC50  va lue s were  ca lcula te d  u sin g  the  

Grap h pa d  Tran sfo rm fu n ction  a nd  cu rve fitt ed  u sing  n on - lin e a r reg re ssion .  MDA -

MB - 2 3 1  ce lls (B)  w e re se e de d  a t a  d en sity o f 5 ,0 00  ce lls p e r w e ll, 4T1 ce lls (C ) a t 

1 ,0 00  p e r well a n d  p rima ry  b rea st ce lls a t 5 ,0 0 0  pe r w e ll (D)  in 9 6 - w e ll p late s a n d 

trea ted  a fte r o n e  do ub lin g  time  w ith  Cra ssin  (5 µM) o r  ve h icle  co n trol (DMS O). 

V iab ility was a sse ssed a t 2 4  h o u rs a n d 4 8 ho u rs fo r MDA - MB - 2 3 1  a n d  4 T1 ce lls 

an d at 48  hou rs fo r 198T cells using  an  Alamar Blue  assa y, an d expressed  as % 

o f the  DMS O veh icle  co n tro l. Dat a  (n = 3  ind ep en d en t e xpe rime n ts ) a re 

e xp ressed  a s me a n  ± S E M, w ith  sta tistica l sign ifican ce  d e te rmine d  u sing  o n e -

w a y A NOV A  co rre c ting for multiple comparisons using Dunnetôs test reporting 

adjuste d  p va lue s (MDA - MB - 2 3 1 , 4 T1  ce lls) o r u n pa ire d  tw o - ta iled  Studentôs t -

test s  (prima ry ce lls) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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3.3.6 Crassin increases pAkt and pERK levels in an antioxidant-

sensitive manner.  

Having established that C4 reduces viability in three (primary and established) 

TNBC cell models, we next set out to assess its effect on known cell survival 

signalling pathways. Unexpectedly, we found that expression of the cell 

survival effector phosphorylated Akt (pAkt) (173-176) increased significantly 

after 24 and 48 hours of Crassin treatment (Figure 3.7). Since Akt signalling 

has also been associated with cell death downstream of the release of 

reactive oxygen species (ROS) (177-179), we next examined the viability of 

cells pre-treated with the antioxidant N-acetyl-cysteine (NAC;3 mM) prior to 

treatment with Crassin (5 µM) for 24 or 48 hours. We found that NAC 

significantly counteracted the negative effects of Crassin on the viability of 

both MDA-MB-231 and 4T1 cells (Figure 3.7) and, in addition, restored pAkt 

levels to those of Crassin-untreated controls (Figure 3.7). Interestingly, we 

also observed a reduction in total Akt in 4T1 cells, but not in MDA-MB-231 

cells, following Crassin treatment. This reduction may be attributed to cell 

density, potentially reflecting better access of Crassin to the cell surfaces of 

loosely growing 4T1 cells than the more densely growing MDA-MB-231 cells. 

In light of the observed Crassin-dependent increases in pAkt levels, we next 

set out to explore whether ERK phosphorylation (also known to play a key role 

in cell survival (180)) was similarly affected by Crassin treatment. By doing so, 

a small but statistically insignificant increase in pERK levels was observed 

after Crassin treatment of MDA-MB-231 cells (Figure 3.8).  
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Figure  3 .7 : Crass in re duce s c ell  v ia bili ty a nd inc rea se s  pAkt e x pres s ion in a 

ROS - depe ndent fas hion MDA - MB - 2 3 1  ce lls (A)  w e re se e de d  a t a  de n sity of 5,000 

ce lls p e r w e ll a nd  trea te d  4 8  ho u rs lat e r with  Cra ssin (5 µM) o r  ve h icle  co n trol 

(DMS O) +/ -  NAC (3 mM) fo r 2 4  o r 4 8  h ou rs. 4 T1 ce lls (B)  w e re  see d ed  in 9 6 - w e ll 

p lat e s a t a  d en sity o f 1 0 00  ce lls p e r w e ll a n d  trea ted  2 4  h o u rs lat er w ith  Cra ssin (5 

µM )  o r ve h icle  co n trol (DMS O) +/ -  NAC  (3 mM) fo r 2 4  o r 4 8  h o u rs. Cell viab ilities 

w e re a sse sse d  u sing  A lama r B lue  a ssa ys, a n d  e xp resse d  a s % o f DMS O ve h icle 

co n trol. Dat a  (n = 3  ind e pe n de n t e xp e rime n ts ) a re e xp resse d  a s me a n  ± S E M, w ith 

sta tistica l sign ifican ce  d e te rmine d  u sing  un paire d  tw o - ta ile d  Studentôs t - tests.  MDA -

MB - 2 3 1  ce lls w e re see d ed  in 6 - w e ll p late s a t a  d en sity o f 3 00 ,000  p e r w e ll an d  

trea te d  48  ho u rs late r w ith Cra ssin (5 µM) o r ve h icle  co n trol (DMS O) +/ -  NAC (3 

mM) fo r 2 4  o r 4 8  h o u rs (C) . 4 T1 ce lls w e re se e de d  a t a  d e n sity o f 5 0 ,00 0  pe r w e ll 

a n d  trea ted  2 4  ho u rs lat e r w ith  Cra ssin (5 µM) o r ve h icle  co n trol (DMS O) +/ -  NAC 

(3 mM) fo r e ith e r 2 4  o r 4 8  h o u rs (D) . The  e xp ression  o f pA kt (C, D)  w a s a n a lyse d 

u sing  W e ste rn  b lot tin g, a n d  d e n sito me tricall y q u a ntifie d  u sing  Ima g e La b  so ftwa re 

5 .2 .1  in MDA - MB - 2 3 1 (E, F)  a n d 4 T1 (G)  ce lls (volu me  int e n sity of b a nd  relat ive to 

ma tch e d  to ta l A kt ba nd  a n d  d is p laye d  relat ive  to  DMS O). Resu lts a re e xp resse d  as 

me a n  ± S E M (n = 3 ). S ta tistica l sign ifican ce  w a s ca lcula te d  b y u npa ire d  o ne - ta ile d 

Studentôs t - tests (*p < 0 .0 5, **p < 0 .01 , ***p  < 0 .00 1 , ****p  < 0.0 00 1 ).  
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Figure 3.8: Crassin  increases pERK expression in a ROS-dependent 

fashion MDA-MB-231 cells were seeded in 6-well plates at a density of 

300,000 per well and treated 48 hours later with Crassin (5 µM) or vehicle 

control (DMSO) +/- NAC (3 mM) for 24 or 48 hours (A). The expression of 

pERK (A) was analysed using Western blotting, and densitometrically 

quantified using ImageLab software 5.2.1 in MDA-MB-231 (B,C) (volume 

intensity of band relative to matched total ERK band and displayed relative to 

DMSO). Results are expressed as mean ± SEM (n = 3 independent 

experiments). Statistical significance was calculated by unpaired one-tailed 

Student’s t-tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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3.3.7  Crassin-induced reductions in cell viability are not accounted for 

by apoptotic mechanisms of cell death  

Having established that Crassin reduces cell viability across three TNBC cell 

models, in conjunction with ROS-mediated Akt and ERK activation 

(phosphorylation), we next set out to examine potential downstream cell death 

pathways. To this end, we first examined Caspase-3 (Cas-3) cleavage to 

assess a possible contribution of apoptosis to cell death (181, 182).  Upon 

Western blotting, cleaved Cas-3 bands were only observed under positive 

control (staurosporine-treated) but not under Crassin-treated conditions 

(Figure 3.9). This apparent lack of apoptosis involvement was subsequently 

confirmed using flow cytometric Annexin-V assays. Specifically, we found that 

MDA-MB-231 cells treated with the positive control reagent staurosporine 

showed increased Annexin-V positivity compared to DMSO treated cells (p < 

0.001), whereas Annexin-V staining was not significantly increased above 

negative control levels in Crassin-treated cells, even after 48 hours (Figure 

3.9).  
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Figure  3 .9 : Crass in does  not induc e a poptotic  c e ll dea th.  MDA - MB - 2 3 1  ce lls 

w e re se ed e d in 6  well  p lat e s a t a d en sity o f 30 0 ,0 0 0  p e r w e ll an d  trea ted  48 

h o u rs late r w ith  Cra ssin (5 µM) o r ve h icle  co n trol (DMS O) +/ -  NAC (3 mM) fo r 

e ith e r 24  o r 4 8  h ou rs [u sing S ta u rospo rin e /(stau r.; 10  µM/3  h o u rs o r 1  µM/4 8 

h o u rs) a s a  p o sitive ind u ce r of ap op to sis]. Ca sp a se - 3  e xp ression w a s a na lysed 

u sing  W e ste rn b lott ing (A) . Cel ls w e re flo w  cyto me trically a n a ly ze d  a ft e r sta ining 

w ith  a  B D An ne xin - V  kit (B) . The  g a te d  % o f th e  trea tme n t g rou p s w e re a na lysed 

fo r A n ne xin - V  p o sitivity/ a po p to sis (qu ad ran t D4) (C)  u sing  o ne - w a y A NO VA, 

correcting for multiple comparisons using Tukeyôs test. Data (n = 3 indepe n de nt 

e xp e rime n ts ) a re e xp re sse d  a s me a n  ± S EM a n d  sta tistica l significan ce  w a s 

fo u nd  relative  t o  t h e ma tch ed  ve h icle  co n trol %  ratio .  (*p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001) 
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3.3.8 Crassinïinduced cell viability reductions are not induced by other 

common mechanisms of cell death 

The possibility that Crassin may activate necrotic cell death was next explored 

using lactate dehydrogenase (LDH) assays in Crassin-treated cells (with 

Triton-X100-treated cells as a positive control). We found that LDH release 

was not different between control DMSO- or Crassin-treated cells, i.e., 10% (± 

3) and 13% (± 2) at 24 hours, respectively, and 5% (± 1) and 8% (± 2) at 48 

hours, respectively, compared to positive control cells (Figure 3.10). This 

suggests that membrane permeabilisation is not a feature of Crassin-treated 

cells even after 48 hours. Interestingly, we noted a significant increase in LDH 

release by NAC-treated cells, but this may be due to a transient NAC-induced 

permeabilisation of the cell membranes, as this release was seen to tail off at 

Figure  3.10 : Cras sin does  not induce necrotic  dea th.  MDA - MB - 23 1 cells 

w e re se ed ed  at a  de nsity o f 5 , 00 0 ce lls p e r w e ll in 96 - w e ll p late s an d  tre a ted 

4 8  ho u rs late r w ith  Crassin  (5 µM ) in th e  p rese n ce  o r a b se n ce  o f NAC (3 mM )  

fo r 2 4 an d  4 8  h ou rs (A),  a t w h ich p o in ts p ositive co ntrol w e lls w ere trea ted 

w ith 1 % Triton - X  fo r 4 5  minu te s. Necrosis was me a su red u sing  a n  L DH 

A ssa y kit. Dat a (n = 3  ind ep e nd en t e xp e rime n ts ) a re  e xp ressed  as me a n  ± 

S E M. S tatistica l sign ifican ce  (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001 ) was d ete rmi n e d  u sing  o ne - way A NOV A  co rre cting  for mu ltiple 

comparisons using Dunnetôs test reporting adjusted p values calculated using 

DMSO - trea te d co ntrols for a ll g roup s.  
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48 hours (31 ± 8% at 24 hours, reduced to 14 ± 2% at 48 hours). Given the 

sensitivity of each assay to the ROS inhibitor NAC, we next set out to explore 

other modes of cell death putatively involving ROS induction.  

3.3.9 Crassin-induced reductions to cell viability were not induced by 

cell death mechanisms. 

Both necroptosis and ferroptosis are apoptosis-independent mechanisms of 

cell death associated with increased ROS levels (161, 164, 166, 183).  To test 

these possibilities, MDA-MB-231 cells were treated with Crassin (5 µM) in the 

presence or absence of necroptosis or ferroptosis inhibitors (Necrostatin-1 

and Ferrostatin-1, respectively). We found that neither Necrostatin-1 (100 µM) 

nor Ferrostatin-1 (5 µM) were able to block the Crassin-induced decreases in 

cell viability (Figure 3.10), whereas Crassin-induced cell viability effects could 

still be rescued by NAC (3 mM). Erastin (10 µM) was used as a positive 

control inducer of ferroptosis. A positive control inducer of necroptosis in 

MDA-MB-231 cells could not be found (data not shown). Next we explored 

autophagic cell death by examining LC3B II protein expression in Crassin- 

treated MDA-MB-231 cells. Significant increases in LC3B II conjugation were 

observed compared to controls at both 24 hours (Figure 3.10) and 48 hours 

(Figure 3.10) (p = 0.0001 and p = 0.0494, respectively). However we found 

that the morphology of cells following Crassin treatment was not consistent 

with autophagy (Appendix J - Supplementary Figure 2; which suggests that 

reductions in cell viability after Crassin treatment may reflect cytostasis rather 

than overt autophagic toxicity.  

3.3.10 Crassin induces cytostasis in TNBC cells 

To determine whether Crassin induces cell cycle arrest, flow cytometric cell 

cycle analyses were conducted in propidium iodide-stained MDA-MB-231 cells 

following Crassin treatment. By doing so, we observed a significant shift in the 

Crassin-treated cells from G1 to G2/M (Figure 7A). Specifically, we found that 

37 ± 12% fewer Crassin-treated cells were in the G1 phase of the cell cycle 

than in DMSO-treated control cells, whereas 30 ± 4% more Crassin-treated 

cells were in the G2/M phase. Subsequently, BrdU assays were carried out to 
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examine the proliferative capabilities of the cells following treatment with 

Crassin (Figure 7B). Our data indicate diminished proliferative capabilities 

even after a 24 hour treatment with Crassin (5 µM; reductions of 90.6 ± 4.7% 

and 95.9 ± 2.9% at 24 hours and 48 hours, respectively). Taken together, we 

conclude that our data are consistent with a cytostatic mode of action of 

Crassin, reflecting a reduced capability to metabolize resazurin to resorufin in 

Alamar Blue - Resazurin assays.  
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Figure  3 .11 : Cras s in does  not induc e  c onv e ntiona l ce ll  dea th me c hanis ms .  

MDA - MB - 2 3 1  ce lls w ere trea ted  w ith  Cra ssin  (5 µM ) o r ve h icle  co n trol (DMS O) 

+/ -  NAC (3 mM) fo r 4 8 h ou rs in th e p rese n ce o r ab sen ce  o f n e cro sta tin - 1  (ne c - 1 ; 

100 ɛM), or ferrostatin- 1 (fer - 1; 5 ɛM) with Erastin (10 ɛM) as a positive co n trol 

fo r fe rro p to sis, p rio r to  p e rforming  A lama r B lue  ce ll viab ility a ssa ys (A). Dat a  (n = 

3  ind ep e nd en t e xpe ri me n ts ) a re e xp resse d  a s me a n  ± SEM. S ta tistica l 

sign ifican ce  was d e te rmine d  u sing  o ne - way A NOV A  co rre cting  fo r mu ltiple 

co mp a riso n s using Dunnetôs test reporting adjusted p values. MDA- MB - 23 1  ce lls 

w e re see de d  a t a  d en sity o f 3 00 ,00 0  pe r w e ll a nd  trea te d  48  ho u rs lat e r w ith 

Cra ssin  (5 µM ) o r ve hicle  co n trol (DMS O) +/ -  NAC (3 mM) fo r 2 4  o r 4 8 h ou rs. 

L C3B  II  e xp ression  w as a n a lysed  u si n g  W e ste rn b lot ting  a t 24  h ou rs (B )  a n d  48 

h o u rs (C ) , a n d  de n sitome trically q u a n tita ted  u sing  Ima g e La b  software  5 .2.1  ( D, E )  

(volu me  int e n sity o f b an d  relative  to  ma tch ed A ctin b an d ). Resu lts a re e xp ressed 

a s me a n  ± S E M (n = 3  ind ep en d en t e xp e rime n ts ). S ta t istical sign ifican ce  w as 

ca lcula ted  relat ive to  DMS O b y o n e - way ANOVA using Dunnetôs correction for 

multiple  co mp a riso n s a n d  re p o rting  ad juste d p - values. (*p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001)  
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Figure  3.12 : Cras sin induce s ce ll cyc le ar r es t in a ROS - se nsitive manner .  

MDA - MB - 2 3 1  ce lls were p lat ed  at 3 00 ,00 0  ce lls p e r w e ll a nd  trea ted  4 8 h ou rs 

lat e r  w ith  C rassin  (5 µM) fo r 2 4  o r 48  ho u rs, +/ -  1  h ou r  p re - trea tme n t w ith  NAC 

(3 mM ). Cells w e re flow  cyto me trically a n a lys e d  aft e r sta inin g  w ith  P I d ye a nd 

a sse ssed  fo r G1 /G 2  pe a ks.  MDA - MB - 2 3 1  ce lls w e re se ed e d  a t a d e n sity of 

2 , 5 00  ce lls p e r w e ll in 9 6 - well p lat e s an d  treate d  48  h ou rs lat e r w ith  C rassin  (5 

µM ) fo r 2 4  o r 4 8  h ou rs, +/ -  1  h o u r  p re - trea tme n t w ith NAC (3 mM) . Next , a 

B rdU co lorime tric a ssa y was pe rforme d  (C,  D) .  Dat a  (n = 3  ind e pe n de n t 

e xp e rime n ts ) a re e xpresse d  a s me a n  ± SE M. S ta tistica l sign ifican ce  w as 

a sse ssed  b y co mp a ring  Cra ssin  to  th e  p re - tre a ted  NAC g roup  (*p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001) ; on e - w a y A NOV A  p e rfo rme d  u sing  P rism 6  

software with multiple comparisons and corrections using Dunnetôs test, 

reporting  a d juste d  p - va lue s ca lcula ted  u sin g  DMS O treate d  con trol fo r a ll 

g rou p s).  
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3.3.11 Crassin synergises with Doxorubicin in targeting TNBC cell 

viability 

Finally, the potential usefulness of a cytostatic compound like Crassin in 

combination with an established chemotherapeutic drug (doxorubicin) was 

investigated in TNBC cells. We found that the combination of Crassin and 

doxorubicin synergistically reduced cell viability over the responses to either 

compound alone (Figure 3.13, Dox. 2.5 µM; reductions of 30 ± 2% and 69 ± 

2% at 24 hours and 48 hours, respectively; Crassin 5 µM; reductions of 37 ± 

3% and 66 ± 2% at 24 hours and 48 hours, respectively; Crassin and Dox 

combination reductions of 58 ± 3% and 82 ± 2% at 24 hours and 48 hours, 

respectively). 

 

  

Figure  3 .13 : Cras s in -  a nd doxorubic in - ind uc e d re duc tions in c e ll 

v ia bility a re  sy ner gis tic.  MDA - MB - 2 3 1  cells w e re se e de d  a t a  d e n sity of 

5 ,0 00  ce lls pe r well in 9 6 - well p late s a nd  trea te d  w ith  Cra ssin/ Dox 4 8  ho u rs 

a ft e r see d ing  (5 µM o r 2 .5  µM, resp e ctive ly). Cell viab ilities were  a sse ssed 

u sing  A lama r B lue  a ssa ys a ft e r 24  (A)  o r 4 8  (B) h o u rs a n d  e xp re sse d  a s % 

o p tica l d e n sity of th a t in veh icle  co n trol (DMS O) - trea te d ce lls. Da ta  (n = 3 

ind e pe n de n t e xp e rime n ts) a re e xp ressed a s me a n  ± S E M. S ta tistica l 

sign ifican ce  (*p  < 0 .0 5 , **p  < 0.0 1, ***p < 0 .0 0 1 , **** p  < 0 .0 0 01 ) w as 

d e te rmine d  u sing  u np a ir e d  tw o - tailed Studentôs t- tests ca lcula te d  u sing 

DMS O trea ted  con trol fo r all g roup s).  
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3.4 Discussion 

Gastro-oesophageal cancers and triple-negative breast cancers (TNBC) are 

both associated with poor patient survival (27, 28, 36, 37, 44, 45, 184-186). 

Despite recent advances, specifically for HER2-positive gastro-oesophageal 

cancers (71, 72), few targeted therapies are available and, therefore, the 

treatment options are often limited to surgery, radiation or conventional 

chemotherapy (28). Here, we identified a natural compound, Crassin, which 

effectively reduces the viability of three gastro-oesophageal cell lines in vitro  

and demonstrated promising bioactivity against a gastric cell line in a se mi - in 

vivo  setting. 

In light of the fact that Crassin exerted significant reductions on the viabilities 

of cancer cell lines ESO26, N87 and OE19, this led us to speculate that 

Crassin may also have the capability to inhibit other aggressive phenotypes 

associated with cancer development. Hence we tested the ability of Crassin to 

inhibit colony formation across three gastro-oesophageal cell lines. 

Quantification of colony forming assays revealed that Crassin significantly 

reduced the ability of gastro-oesophageal cancer cell lines to form colonies in 

this setting. Importantly, the ESO26 cancer cell line had an overall lower level 

of colony formation in control conditions, and hence this limited our ability to 

extrapolate data from this cell line for this assay. Future work should asses 

other phenotypical changes better suited to the ESO26 cell lines (e.g. 

migration and invasion assays). However, we believe that Crassin may merit 

further exploration in pre-clinical settings.  

We further examined both the efficacy and toxicity profile of Crassin in this 

setting using a se mi - i n  vivo  chick embryo model.  The chick chorioallantoic 

membrane (CAM) assay has been extensively utilised by cancer researchers, 

as an effective tool to study the invasive nature and angiogenic properties of 

cancer cells (172, 187, 188). Treatment of tumours with Crassin on the CAM 

of developing chick embryos showed a reduced ability to develop through 

negative Ki67 and cytokeratin staining, commonly used for proliferation and 

invasion assessment (189, 190). This was supported by both evidence of 
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dead cancer cells within the Matrigel of Crassin-treated tumours and also 

through the invasive nature of DMSO-treated negative control tumours. The 

ability of DMSO-treated cells to invade into the host’s own tissues suggests 

that the cells were indeed effective in utilising host systems, and comments on 

the naturally invasive nature of the cell line selected. While we are aware that 

two of six of the Crassin-treated xenografts did show similar aggressive 

phenotypes to control (DMSO) treated groups, we suggest that the manner in 

which cells are implanted and treated leaves a wider margin for error than 

other in vivo models. Since the treatments are given at small volumes across 

the silicon ring, cells which have dispersed from within the Matrigel plug may 

not be targeted by the treatment (191). We also note that one of the DMSO 

control-treated CAMs failed to develop a tumour and did not have a viable 

embryo upon extraction.  

Having firmly established that Crassin had the potential to reduce tumour 

establishment both in vitro and in vivo  in gastro-oesophageal cancer cells, we 

also demonstrated that Crassin exerts similar properties in breast cancer.  

Based on this result, we assessed the expression levels of the survival 

effectors pAkt and pERK in TNBC cells following Crassin treatment. Akt in its 

activated (phosphorylated) form has been shown to promote cell survival and 

to inhibit apoptosis (180, 192, 193). With the expectation that the pAkt and 

pERK levels would decrease following Crassin treatment, we surprisingly 

noted significant increa se s  in pAkt and pERK expression levels. Accordingly, 

we considered the involvement of reactive oxygen species (ROS) as a 

possible explanation to this conundrum. ROS are generated due to a partial 

reduction of oxygen, resulting in molecules with unpaired electrons (194). 

ROS can oxidise members of the PI3K/Akt signalling pathway (194) and 

specifically activate ERK (195-197). This phenomenon may occur naturally 

during mitochondrial oxidative metabolism, but can also be induced in 

response to external stimuli (198). The unstable nature of ROS means they 

are highly reactive and can cause a further instability of cellular 

macromolecules, including lipids, proteins and DNA (198, 199). If this process 

of ‘electron stealing’ is left unchecked and the stability of important cell 
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structures continues to deteriorate, a cell may enter the process of 

programmed cell death (199, 200). Therefore, we used an anti-oxidant (NAC) 

in an attempt to prevent Akt and ERK activation (phosphorylation). Anti-

oxidants have the ability to donate an electron to unstable free radicals, 

without compromising their own stability (198), and hence may prevent 

damage caused by ROS seeking or donating electrons. Strikingly, we found 

that NAC treatment prevented Crassin-induced increases in pAkt and pERK, 

indicating that this phenotype is mediated by an oxidant environment. 

Furthermore, NAC treatment prevented Crassin-induced reductions in cell 

viability in TNBC cells compared to C4 treatment alone. This is consistent with 

Crassin inducing oxidative stress upstream of Akt activation, resulting in 

reduced cell viability.  

Previous work had attempted to elucidate ROS levels post-Crassin treatment, 

however the assay selected (Dichloro-dihydro-fluorescein diacetate; DCFH-

DA) did not reveal oxidative stress states in Crassin-treated cells (data not 

shown). Alternative ROS measurement assays may prove useful in 

highlighting ROS activation in Crassin-treated cells, since ROS-protective 

NAC clearly reduces cell viability loss.  

Since Crassin treatment significantly reduced the viability of TNBC cells, we 

next attempted to identify the cell death mechanism known to involve ROS. 

Caspase-3 (Cas-3) is a key member of the apoptotic pathway (182), and its 

cleavage activates a downstream cascade of events leading to cytochrome c 

release and cell death (181). However, no Cas-3 cleavage was observed in 

Crassin-treated samples. Furthermore, no evidence of Annexin-V positivity 

was noted in Crassin-treated cells, suggesting that the Crassin-induced 

reductions in cell viability were independent of traditional apoptotic pathways. 

To next test whether Crassin could induce necrosis, we measured LDH 

release in TNBC cells and found that the Crassin-decreases in cell viability 

occurred independently of necrosis. Also, links between ROS activation and 

necroptotic or ferroptotic mechanisms of cell death have recently been 

reported (161, 164, 166), but we failed to obtain any evidence for necroptosis 

or ferroptosis in response to Crassin treatment of TNBC cells. Interestingly, 
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increases in LC3B cleavage (indicative of activation of an autophagic mode of 

cell death) were observed, but our morphologic observations suggest that 

these increases in expression may not reflect autophagy, or at most may 

indicate that Crassin-treated cells are in a primitive stage of cell death. 

Extended treatment times may uncover a shift from cellular stasis to induced 

autophagy, though significantly diminished cell numbers at later treatment 

time points may pose an inevitable concern for result validation. 

While it is possible that the later (48 hour) Crassin treatment time point 

represents a premature state of cell death, cell cycle analysis revealed a 

significant shift from G1 to G2/M in these cells compared to controls. 

Furthermore, BrdU assays revealed diminished proliferative capabilities of 

TNBC cells following Crassin treatment, supporting a role for Crassin in 

cytostasis induction. The induction of cell cycle arrest by Crassin may prove to 

be an important mechanistic effect of the non-cytotoxic natural compound, 

similar to the cytostatic effects exerted by Taxol (201). Our data showing 

synergism of Crassin with the chemotherapeutic drug doxorubicin may 

indicate a potential future use in clinical settings. At this point in time, 

however, it is not known whether (and how) Crassin synergises with the anti-

tumorigenic effects of other chemotherapeutic compounds (i.e., anti-

metabolites, alkylating agents etc.). Nonetheless, supportive literature 

demonstrates benefits of anti-cancer cytostatic therapies when used in 

combination with cytotoxic chemotherapies (202), and this approach is now 

commonly employed in the design of chemotherapy protocol algorithms (203). 

Such algorithms have shown, both in vivo  and in silico , that 

cytostatic/cytotoxic combinations may improve the efficacy of treatment and 

the overall efficiency of chemotherapy (203). It is also of interest to note that 

compound Crassin belongs to the same broad chemical class as the widely 

used cytostatic chemotherapeutic drug, Taxol (the diterpenoid class). Whilst 

both compounds are of natural origin, they exhibit chemical differences that 

likely affect their bioactivities. Crassin has the following formula and molecular 

weight: C20H30O4, MW 334.456, while Taxol is a nitrogenous alkaloid with the 

following formula and molecular weight: C47H51NO14 /MW 853.918. Similar to 
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Crassin, Taxol has been shown to induce G2/M cell cycle arrest, but under 

certain circumstances Taxol has also been found to act as a pro-apoptotic 

agent in a p53-independent manner (201, 204). We found, however, that 

Crassin exhibited no cytotoxicity at the tested concentrations. However, given 

the similarities between these compounds, it is possible that the mechanism 

by which they bind and are taken up into the cell may also be similar, and 

future work investigating the role of Crassin could investigate this. Taken 

together, we found that Crassin may induce cell cycle arrest via the 

sensitisation of cancer cells to ROS, thereby increasing Akt and ERK 

activation and decreasing cell proliferation. Our data, already published 

(Richards et al., 2017 (205)), warrant a further investigation of the therapeutic 

efficacy of Crassin in combination with other cytotoxic agents for both gastro-

oesophageal and TNBC and perhaps other cancer types. 
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Chapter 4: Elucidating the importance of 

Junctional Adhesion Molecule-A in non-breast 

cancers 
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4.1 Introduction 

Previous work in our laboratory has reported that JAM-A gene and protein 

expression positively correlates with poor prognosis in breast cancer patients, 

and highlighted the link between JAM-A and integrin-mediated migratory 

events in this cancer type (131). Further work by our laboratory and others 

has further shown key links between JAM-A, Rap1 GTPase and integrin 

signalling (206, 207), which may underlie migratory events associated with the 

early stages of metastasis.  

As previously described in Chapter One, there are conflicting publications 

relating to the role of JAM-A in gastro-oesophageal cancers; with some 

studies reporting low levels of JAM-A as a biomarker for poor survival (122) 

and others supporting a role for JAM-A overexpression in poor prognosis 

(127). Similar conflicting evidence has been observed in other cancer types. In 

light of the ambiguity surrounding the role of JAM-A in gastro-oesophageal 

cancers, there is a need to elucidate whether JAM-A expressional changes 

occur at all and merit its consideration as a putative drug target for this cancer 

type. 

As JAM-A is an important tight junction protein, physiologically responsible for 

cellular adhesion, morphology and polarity (106, 107, 118, 121), it is 

conceivable that its loss may reduce cell-cell anchorage, driving local invasion 

in cancers. However the work by our group (100, 131, 206) and others (125, 

126, 133) to date suggests that JAM-A overexpression is more likely to drive 

pathophysiological events through downstream activation of cell migration and 

invasion. It is therefore interesting to speculate that the same dichotomies 

exist for JAM-A expression in gastro-oesophageal cancers, whereby either 

loss or overexpression could play critical roles in driving cancer in different 

spatial and temporal contexts. It also suggests a possible “molecular switch” 

function for JAM-A expression in cancers. Understanding the balance 

between JAM-A loss and overexpression in pathophysiological settings could 

be the key to underpinning JAM-A as a therapeutic target.  



93 

 

If JAM-A overexpression were to play an important role in gastro-oesophageal 

cancers, we would expect to see similar increases to proliferative and 

migratory capacities as described in breast cancer cell lines (131) in gastro-

oesophageal cancer cell lines in vitro . Our group has previously shown siRNA-

mediated silencing of JAM-A decreases invasion, migration, colony forming 

capabilities and proliferation in vitro in breast cancer cell lines (131), and 

likewise cell lines altered to stably overexpress JAM-A were shown to be more 

aggressive and to have higher proliferation rates (Rodrigo Cruz, personal 

communication). JAM-A-overexpressing cells were also shown to possess 

higher migratory and invasive phenotypes. It is, however, currently unknown 

whether the same functional changes would be demonstrated in gastro-

oesophageal as well as breast cell settings.  

Furthermore, our previous work has highlighted that cleavage of JAM-A 

(cJAM-A) by A disintegrin and metalloproteinase (ADAM) proteases may play 

an important role in driving force for migration and invasion in breast cancer. A 

recombinant form of this cJAM-A (rcJAM-A) applied to cells was recently 

shown to increase invasive properties of breast cancer cells in in vi tro a n d 

se mi - in vivo settings (208). JAM-A cleavage has also been shown to play a 

role in inhibiting neutrophil transmigration, as well as serving as a biomarker 

for inflammation, with cJAM-A levels increasing in the presence of pro-

inflammatory cytokines indicating cJAM-A may have other functions in other 

settings relevant to cancer (207, 209). Specifically, elevated levels of cJAM-A 

were shown in patients with coronary heart disease, which also correlated with 

levels of tumour necrosis factor-α (TNF-α) (209). Furthermore it was 

suggested that cJAM-A levels were directly influenced by increased TNF-α, 

driving platelet aggregation and increasing the burden of plaque formation in 

atherosclerosis patients, placing JAM-A at the centre of an inflammatory-

driven disease . Since cJAM-A has also featured in diverse pathophysiologies 

associated with the heart, including coronary heart disease and hypertension 

(210, 212), it is possible that it could play a role in cancer-associated 

thrombosis.  Another potential mechanism of action for cJAM-A is as a 

communicator between cells. It has been speculated that cJAM-A may act as 
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a ligand, shed into the extracellular space as a communicator with both the 

microenvironment and neighbouring cells, in order to initiate downstream 

signalling pathways that drive the functional phenotypes associated with 

increased invasion (208). It is therefore important to investigate whether the 

same role for cJAM-A exists in gastro-oesophageal cancers, and whether 

rcJAM-A has the ability to promote an invasive phenotype.  

Further to this, our laboratory has recently shown that targeting JAM-A with a 

small peptide JAM-A-inhibitor in an in vivo  mouse model of mammary ductal 

carcinoma significantly decreased tumour growth and invasion (Yvonne Smith, 

personal communication). The JAM-A inhibitor was designed using molecular 

modelling software to block the cis - dimerisation site of JAM-A, which is 

hypothesised to inhibit potential pathogenic downstream effects. This work 

further solidified our working theory that JAM-A represents a druggable target 

in cancers. Knowing this, it is important to investigate whether JAM-A is 

targetable across other cancers, or if its role is limited to specific cancer types. 

If JAM-A were to play a decisive role in gastro-oesophageal cancers, it may 

then offer an alternative target in this setting.   
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4.2  Aims of this Chapter 

The primary aim of this chapter was to elucidate whether JAM-A 

overexpression is associated with aggressive phenotypes in gastro-

oesophageal cancers. Given published discrepancies to date, it is important to 

clarify whether JAM-A is a potential target in those cancers as well as that of 

the breast. The specific aims where therefore as follows: 

Specific Aim 1: To compare JAM-A protein expression across non-breast 

cancers and a subset of gastro-oesophageal cancers. 

Specific Aim 2: To establish whether loss or gain of JAM-A affects the 

tumourigenic properties of gastro-oesophageal cancers in vitro or se mi - in vivo.   

Specific Aim 3: To investigate the role of cleaved JAM-A in gastro-

oesophageal cancers, given the recent indication it may play an important role 

in breast cancer. 
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4.3 Results 

4.3.1 JAM-A expression across a multi-organ cancer tissue microarray 

In order to explore the differential expression of JAM-A reported in different 

cancers, a multi-organ tissue microarray (TMA) was stained for JAM-A protein 

expression (Figure 4.1). Based on semi-quantitative scoring of membranous 

JAM-A staining intensity, cancer types such as nasal, breast, lung, stomach 

and oesophageal all demonstrated moderate/high (2+/3+) levels of JAM-A 

whereas lymph and cerebral cancers were classified as having low/absent 

(0/1+) expression (Figure 4.1). 

  

Figure  4 .1 : High le ve ls  of J AM - A a re  a ss oc ia ted w ith s ev e ral c a ncer 

type s .  Immun oh isto chemical sta ining  of  JAM - A in a commercial TMA w as 

sco red  a s a b sen t ( 0 ), low  (1+), mo d e rate  (2 +) o r h igh  (3+) (A)  b a sed  on 

co mp let e /in co mp let e  me mb ran o u s sta ining . JAM - A  p rote in e xp ression  was 

th e n co rre late d  w ith ca n ce r typ e a nd  g rou pe d  a s e ith e r be ing a bse n t /low  or 

mo d e rate /h igh  in (B) .  Rep rese n ta tive  ima g e s w e re ob ta ine d  a t 2 0x 

ma g n ificat ion  on  an  O lymp u s CK x4 1  micro sc o p e  w ith  Ce ll B  so ftw a re  ( A) .  
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Given that both gastric and oesophageal cancers showed moderate/high 

levels of JAM-A staining across the multi-organ cancer TMA, we next wanted 

to investigate whether this correlation was seen on a larger scale, and 

whether JAM-A overexpression correlated with worsened prognosis. 

4.3.2 JAM-A associates with poor prognosis in gastric cancer patients 

In order to establish whether JAM-A played a role in gastro-oesophageal 

cancers, we first utilised publicly-available gene expression data from patient 

databases (www.kmplot.com) (140). As shown in Figure 4.2, recommended 

probes and exclusions for the JAM-A gene F11R were selected as described 

in Section 2.15, and correlated with both overall survival and tumour 

progression in gastric cancer patients. High levels of F11R significantly 

correlated with poorer overall survival in 140 gastric cancer patients 

(p=0.0067), 33 of whom expressed high levels of F11R. There was also a 

correlation between high F11R expression and shorter time to first 

progression in gastric cancer cases, but this correlation was not statistically 

significant (p=0.099). However the latter sample size was small at only 59 

patients (of which 15 had high levels of F11R), therefore we suspect that the 

finding would be statistically significant in a larger population. Given these 

results, we next set about to establish suitable in vitro models to study JAM-A 

expression in gastro-oesophageal cancers. 

 

  

http://www.kmplot.com/
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Figure  4 .2 : J AM - A ove rex pre ss ion is  re la ted to poor pro gnosi s  in 

gas tric  c a nc e r pa tients.  The  K ap lan  Me ier P lot te r  p lat fo rm 

(htt p ://kmp lot .co m/a n a lysis/) w a s u se d  to  corre lat e  JAM - A  g e n e  exp ression 

w ith  in d ices o f p rog nosis in g a stric can ce r p a tien ts,  u sing  th e F11 R jet set 

p rob e  e xclud in g  GS E 62 2 54  a s reco mme n d ed .  This reve a led  tha t h igh  mRNA 

exp ression  of  F11 R (JAM - A) w a s asso ciat ed w ith w orsene d ove rall survival 

(A)  a n d  sh o rte r  time  t o f irst p rog ression  (B).  
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4.3.3 JAM-A Expression Profile in GE Cancer Cell Lines 

To establish representative in vitro  models for the study of JAM-A in gastro-

oesophageal cancers, a panel of GE cancer cell lines was cultured and 

probed for JAM-A and HER2 expression under baseline conditions. Via 

Western blotting, JAM-A protein expression was detected to be high in N87, 

OE33, OE19, ESO26, SNU16 and low in KATO III cells. HER2 expression 

was high in N87, OE19 and ESO26 cells, but low in OE33 and negligible in 

SNU16 and KATO III cells (Figure 4.3). Thus ESO26, N87 and OE19 cells 

were selected as the models for on-going studies due to their high levels of 

both JAM-A and HER2 expression. 

 

  

Figure  4 .3 : Basal  level s of J AM - A a nd HER2 protei n in a panel of GE  c ell 

li nes . N87, OE 33 , OE 1 9 , E SO2 6, S NU1 6 a n d  K A TO II I ce ll lin e s were 

W e ste rn b lotte d  fo r b a sa l leve ls o f JAM - A  a n d  HER2  e xp ression  (A).  

Den sito me tric a n a lysis o f th ree  inde pe n de n t e xpe rime n ts w a s  u sed  to 

co mp a re  th e  b a sa l e xp ression  o f bo th  JAM - A  (B)  a n d  HER2  (C)  a cro ss th e 

ce ll line s .   
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4.3.4 Modulating JAM-A expression through transient silencing and 

overexpression in v itro  

Our group has previously examined the potential role of JAM-A in breast 

cancer cells by undertaking classic gene silencing and overexpression 

methods. In order to begin investigating the potential importance of JAM-A 

expression in gastro-oesophageal cancer cells, we set about optimising the 

methods used previously. As shown in Figure 4.4, both JAM-A mRNA and 

protein expression levels were significantly reduced across all three cell lines 

following transient JAM-A gene silencing. Specifically, in ESO26 cells JAM-A 

mRNA expression was reduced by 58 ± 8% (p=0.0017) while protein levels 

were reduced by 44 ± 16% (p=0.0471) (Figure 4.4). In N87 cells,  JAM-A 

mRNA and protein levels were significantly reduced by 53 ± 7% and 39 ± 7% 

respectively (p=0.0017 and p=0.0043) (Figure 4.4). In OE19 cells, JAM-A 

mRNA and protein expression were significantly reduced by 36 ± 1% and 56 ± 

17%, respectively (p=0.0335 and p=0.0317) (Figure 4.4). 

Similarly, transient overexpression of JAM-A elicited increased JAM-A 

expression at both mRNA and protein levels for all three gastro-oesophageal 

cell lines tested (ESO26, N87 and OE19; Figure 4.5). However, inter-

experiment variability reduced the significance of some results. For example, 

JAM-A mRNA expression increased from 3-23-fold in ESO26 cells across 

experimental replicates. Despite such a wide standard deviation, the positive 

point to note was that JAM-A was consistently overexpressed across all 

conditions. We were satisfied that the JAM-A overexpression levels achieved 

were sufficient for proof-of-principle studies. ESO26 cells demonstrated a fold 

increase of 9 ± 7 for JAM-A mRNA expression, and protein expression 

significant increases of 137 ± 35% (Figure 4.5; p=0.0181). A significant 

average fold increase of 100 ± 31% was seen in N87 JAM-A mRNA 

expression (p=0.0338), and largely variable protein increases of 50 ± 40% 

(Figure 4.5). OE19 cells had almost significant increases in JAM-A mRNA 

(130 ± 53 fold; p=0.0594), while protein expression of JAM-A was significantly) 

overexpressed by 138 ± 24% (Figure 4.5; p=0.0046).  
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Since JAM-A has a similar molecular weight to some housekeeping proteins 

used as controls, Ponceau S staining was sometimes used to demonstrate 

equal protein loading. Having established successful silencing and 

overexpression protocols for JAM-A in the three chosen gastro-oesophageal 

cancer cell lines, we next set about to uncover whether modulation of JAM-A 

expression therein elicited any functional changes.     
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Figure  4 .4 : J AM - A m e dia ted s ile nc ing  induc e d s ignifica nt re ductions  to 

J AM - A e x pre s sion in gas tro - oes ophagea l c e ll  li nes .  Ga stro - o e so p ha g ea l  

ca n ce r ce lls lin e s were p lat ed  at 2 x10 5  in 6 - w e ll p la te s a nd  a llow ed  to 

un dergo  one  doubling time be fo re be ing  transien tly transf ected  w ith  either 

n o n - ta rg e ting  siRNA (siNeg ) o r a  JAM - A  targe tin g  siRNA po o l (siJp ) ( fin al 

co n cen trat i on  25 n M). RNA  w a s e xtracte d an d  reve rse - tran scrib ed to  cDNA , 

w he reu po n q RT - P CR w a s p e rfo rme d  to  d e tect  JAM - A  e xp ression in  E SO2 6  

(A) N87  (B) a n d  OE19  (C)  ce lls . Ct va lue s o f sa mp les were  se t re lat ive to 

ma tch e d  Ct va lue s o f th e  h o u se ke ep ing  gen e  (RP L P 0 ). P oo led  d a ta  from 

th ree  ind ep e nd e nt e xp e rime n ts (n=3 ) w a s d ispla ye d a s me a n  ±  S E M and 

sta tistica lly co mp a red  u sing  un pa ire d  tw o - tailed Studentôs t- tests.   In  p a rallel, 

to ta l ce llu lar p ro te in was e xtrac te d  an d  immu n o b lot te d  fo r JAM - A  exp ression.  

ES O26 (D) , N8 7 (E ) , and  OE1 9 (F) . Den sitomet ric an alysis (ES O26 (G) , N87 

(H) , a n d  OE 1 9  (I) )  (n= 3  ind e pe n de n t e xp e rime n ts) w a s p e rforme d  relat ive to 

a  load ing  co n trol (Actin ) a n d d ispla ye d relative to  siNeg  a s me a n  ±  S E M. 

S ign ifican ce  w a s te sted  u sing u np a ire d, tw o - ta il ed studentôs t.test.  (*p<0. 0 5, 

**p <0 .0 1, ***p <0 .00 1 , ****p <0 .00 0 1 ).  
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Figure  4 .5 : Tra ns ient J AM - A ove re x pres s ion s ignifica ntly  incr e as ed 

J AM - A e x pre s sion in gas tro - oes ophagea l c e ll  li nes. Ga stro - o e so p ha g ea l  

ca n ce r ce ll lin e s were p lat e d  at 2 x10 5  in 6 - w e ll p l a te s. E S O2 6  ce lls w e re 

allow ed to  unde rgo on e doub ling time a nd  N87  and OE1 9 cells w ere 

incu b ate d fo r 2 4h  be fore ce lls w e re tran sien tly tran sfe cted  w ith e ithe r co ntrol 

(EV)  o r h JAM - A  (J+ )  p lasmid  (1 µ g ). RNA  e xtrac tion s of sa mp les were 

co mp let e d ,  cDNA  gen e rated  an d  q RT - P CR p e rforme d  to  a ssess  JAM - A 

mRNA  e xp ression  in  E S O26  (A) N87  (B) a n d  OE1 9  (C) ce lls. Ct va lue s of 

sa mp les w e re se t relative  to  ma tch e d  Ct va lu e s o f th e  h ou se ke e p in g  g ene 

(RP L P 0 ) P o o led  d a ta  from th ree  ind e p en d en t e xp e rime n ts (n=3 ) w as 

d ispl a ye d a s me a n  ±  S E M  a nd  sta tistica lly co mp a red  u sing  un pa ire d  tw o -

ta ile d  t - te sts.  In  p a ralle l, to ta l ce llu lar p rote in was e xtracte d  and 

i mmun o blo t ted  fo r JAM - A  exp ression . ESO26  (D) , N87 (E) , an d OE1 9 (F) . 

Den sito me tric a n a lysis (ESO 2 6  (G) , N87  (H) , a n d  O E 1 9 (I) )  (n=3  

ind e pe n de n t e xpe rime n ts) was pe rforme d  relat ive to a  loa d ing  con trol (Actin) 

a n d  d ispla yed  relat ive to  siNe g  a s me a n  ±  S E M. S ign ifican ce  wa s te sted 

u sing  un p a ired , tw o - tailed studentôs t.test .  (*p<0. 0 5, **p <0 .0 1 , ***p <0 .0 01 , 

**** p <0 .00 0 1 ).  
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4.3.5 Induced changes in JAM-A expression differentially impact cell 

viability in gastro-oesophageal cancer cell lines. 

As shown in Figure 4.6, JAM-A silencing reduced the cellular viability of two 

gastro-oesophageal cell lines (ESO26 and N87). Interestingly, however, it 

incre a se d  the viability of OE19 cells. Proliferation was assessed over five days 

following initial transfections period (72h). Cells transfected with siRNA were 

re-silenced every 72h to ensure JAM-A levels remained reduced; and Alamar 

blue assays used to compare treated cells to their negative control 

counterparts. Surprisingly, cells induced to transiently overexpress JAM-A did 

not show any significant changes in cell viability when compared to EV 

controls (Figure 4.6). This may reflect the fact that cells were only transfected 

once with JAM-A overexpressing plasmids, in contrast to repeated transient 

siRNA transfections. Regardless, we hypothesised that any overt changes to 

proliferative rates would be demonstrated during the first few days of 

assessment. 
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Figure  4 .6 : J AM - A s il e ncing re duc e s ce ll  v ia bili ty in two gas tro -

oes ophage al  c a nc e r c e ll  li ne s . Th ree  ga stro - o e sop h ag e a l  ce ll lin e s (5 , 0 00 

ce lls p e r w e ll) w e re  tra n sfe cte d  w ith  e ith e r a  p o o l o f JA M - A - ta rgetin g  siRNA 

( siJp )  o r n o n - ta rge tin g  siRNA  ( siNe g ;  A ) ; in pa ralle l w ith  E mp ty Ve cto r co n trol 

p lasmid (EV) o r JAM - A  o ve rexp ressin g  p lasmid (J+ ;  B ). Cell 

viab ility/p rolife ration  was me a su red u sing A la ma r b lue  a ssa ys 72h  to 16 8h 

p o st - tran sfe ction  (A, B).  To ma int a in g e n e  sile n cing  sta tu s,  siNe g a n d  siJp 

w e re re - tran sfe cted  eve ry 7 2h  du rin g  th e asse ssme n t p e rio d. E xp e rime n ts 

w e re p e rforme d  th ree  ti me s a n d  da ta  sh ow n  a s me a n  ± se m co mp a red  u sing 

tw o - ta ile d , p a ired  S tudentôs t- test s .  (*p<0 .0 5 , **p <0 .0 1 , ***p <0 .0 01 , 

**** p <0 .00 0 1 ).  
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We also examined whether JAM-A silencing or JAM-A overexpression drove 

invasive phenotypes in gastro-oesophageal cells. ESO26 and OE19 cells 

were selected for their differential response to JAM-A targeting (data not 

shown). Unfortunately, however, levels of invasion fell well below detectable 

limits from the standard curve generated for each cell line. This suggested that 

alternative approaches may in future need to be tested to explore invasion in 

such slow-growing cell lines. 

4.3.6 JAM-A silencing, but not overexpression, altered colony-forming 

ability in two gastro-oesophageal cell lines 

Colony-forming ability is often assessed as a means of establishing whether 

treatments can reduce aggressive functional phenotypes associated with 

cancer cells in vitro ( 2 1 3 ) . Having already established that JAM-A silencing 

induced different viability outcomes in different cell lines, we next set out to 

monitor colony-forming potential post-transfection with JAM-targeting 

reagents. As shown in Figure 4.7, both ESO26 and N87 cells exhibited 

reductions in colony-forming potential following JAM-A silencing. Specifically, 

that in ESO26 cells was significantly reduced by 28 ± 3% (Figure 4.7; 

p=0.0005) while that in N87 cells was significantly reduced by 24 ± 4% 

(Figure 4.7; p=0.0056). In support of our previous findings showing that OE19 

cells had increased cell viability following JAM-A silencing, OE19 cells also 

had an increased capacity for colony formation following JAM-A silencing with 

an increase of 37 ± 21%. However this was not statistically significant (Figure 

4.7). We also noted that ESO26 cells did not respond consistently in this 

assay, as their semi-adherent nature was incompatible with the low plating 

densities required for the assay.  
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Figure  4 .7 : Diffe re ntia l c olony  formi ng a bili ties  in re s pons e to J AM - A  

s il e ncing in gas tro - oes ophagea l c a nc e r ce ll  li nes . E S O2 6  (A, D) , N87  (B, 

E )  a n d  OE 1 9  (C, F)  ce lls w e re p lat ed  a t 1 , 00 0  ce lls p e r w e ll an d  trea te d  w ith 

e ith e r no n - ta rge ting  siRNA  (siNeg ) o r a  po ol o f JAM - A  ta rge tin g  si RNA  (siJp ) 

( fin a l co n cen trat ion  2 5n M ).  Colo n y fo rma tio n w a s a sse sse d  u sing  crysta l viole t 

sta inin g  an d  read  spe ctrop ho to me trically a t a n  o p tica l d e n sity o f 5 9 5n m 

fo llo w ing  so lub ilisat ion  o f th e  sta in  in me th an o l. Data  (n=3  in d ep e nd e nt 

e xp e rime n ts) a re e xp r e sse d  rela tive  to  veh icle co n trol (siNeg ) a s me a n  ± S E M. 

S ta tistica l an a lysis was ca lcula te d  u sing  unp a ire d  tw o - tailed Studentôs t- tests 

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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Taking this into account, and since unpublished evidence from our laboratory 

had found that breast cancer cells stably overexpressing JAM-A had 

increased colony-forming potential (Rodrigo Cruz, personal communication), 

we tested whether the same was the case for JAM-A transient overexpression 

in the three gastro-oesophageal cancer cell lines.  

4.3.7 JAM-A overexpression does not alter colony formation in gastro-

oesophageal cancer cells 

As illustrated in Figure 4.8, gastro-oesophageal cancer cell lines were 

transiently transfected to overexpress JAM-A for 72h after a 7-day 

establishment period. Following transfection, cells were placed back into 

serum-positive medium and incubated for a further 10 days whereupon 

colonies were fixed, stained and spectrophotometrically quantified as 

described. As previously discussed, colony formation in ESO26 cells was not 

as successful as that in N87 and OE19 cells, but outputs were still analysed. 

There was no significant change in the colony-forming abilities of gastro-

oesophageal cancer cell lines following JAM-A overexpression (Figure 4.8).  
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Figure  4 .8 : J AM - A ove re x pre s sion does  not a lter  c olony - formi ng pote ntial 

in gas tro - oes ophagea l c a nc e r c e ll li nes . E S O26  (A, D) , N87  (B, E )  a nd 

OE 1 9  (C, F)  ce lls w e re p lat ed  a t 1 , 0 0 0 ce lls pe r w e ll a n d  tran sfe cted  w ith  e ithe r 

Empt y Ve cto r (EV ) or JAM - A ove rexp ressing  (J+) pla smids  (1 µ g ) .  Colo ny 

fo rma tio n  w a s a sse sse d  u sing  crysta l viole t sta inin g a n d  read 

sp e ctroph o to me trically  a t a n  o ptica l d e n sity of 5 9 5n m fo llo w ing  so lub ilisat ion  of 

th e  sta in in me th a no l. Dat a (n=3  ind ep e nde n t e xpe rime n ts) a re e xp resse d 

relat ive to  veh icle  co n trol (EV) a s me a n ± S E M. S ta tistica l an a lysis was 

ca lcula ted  u sing  un paire d  tw o - tailed Studentôs t- tests (*p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001).  
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4.3.8 Recombinant soluble JAM-A treatment in gastro-oesophageal 

cancer cells has no impact on proliferation 

Since JAM-A overexpression was insufficient to alter the proliferation or 

colony-forming potential of gastro-oesophageal cell lines, yet JAM-A silencing 

results suggested that the protein had a functional role in driving tumorigenic 

properties, we next considered other possibilities. Our group recently reported 

that JAM-A is cleaved from the membrane of breast cancer cells (cJAM-A), 

and may play a role in driving resistance to HER2-targeted therapies (208). 

Therefore we hypothesised that simple upregulation of JAM-A protein 

expression may not by itself drive poorer survival for patients and enhance cell 

viability as noted in vitro for two of our gastro-oesophageal models. First we 

confirmed by Western blotting that cJAM-A could be detected in gastro-

oesophageal cancer cell lines (Supplementary Figure 3). Next we examined 

the levels of cJAM-A following either transient JAM-A silencing (siJp) or 

overexpression (J+) relative to controls (siNeg and EV, respectively) using a 

commercially available ELISA kit, in order to establish differences in cJAM-A 

levels (data not shown). Unfortunately, we were unable to detect any changes 

between control and JAM-A targeted samples, as all sample cJAM-A level 

outputs fell below the threshold of the standard curve and were not 

quantifiable.  

Since the role of cJAM-A was still unclear in this setting, we next utilised a 

commercially-available recombinant form of cleaved JAM-A (rcJAM-A) and 

treated all three cell lines at varying concentrations (0.5, 2, 5 ng/mL) to assess 

its impact on their viability. Treatment with rcJAM-A did not alter viability in any 

of the three cell line models at any of the concentrations selected (Figure 4.9).  

We next sought to test whether rcJAM-A exerted changes on colony-forming 

potential. N87 and OE19 gastro-oesophageal cancer cell lines were selected for 

their differential responses to JAM-A targeting and previous knowledge that 

these cell lines performed better in colony forming assays. 
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4.3.9 Recombinant JAM-A decreases colony-forming ability in gastro-

oesophageal cell lines 

We tested to see whether rcJAM-A treatment, at varying concentrations (2, 

5ng/mL) increased the number of colonies formed by gastro-oesophageal 

cancer cells post-treatment. rcJAM-A treatment decreased the colony-forming 

efficiency of gastro-oesophageal cancer cell lines. N87 cells demonstrated 

reductions in colonies by 20 ± 15% and 27 ± 10%, at 2ng/mL and 5ng/mL 

respectively (Figure 4.10), though these reductions were not statistically 

significant. However, rcJAM-A significantly reduced colony formation in OE19 

cells by 54 ± 9% and 78 ± 4%, at 2ng/mL and 5ng/mL respectively (Figure 

4.10; p < 0.01, p < 0.0001, respectively).  

  

Figure  4 .9 : Rec ombinant J AM - A trea tment does  not a ffe c t c e ll  v ia bili ty 

in gas tro - oes ophageal  ca ncer  ce ll line s.  ES O26 (A),  N87  (B ) an d OE19  

(C ) ce lls w e re p la ted  at 5 , 00 0  ce lls/we ll in 96 - w e ll p late s . Fo llo w ing  7 2 h  ce lls 

w e re trea te d  w ith  va rying  con ce ntrat ion s of rcJAM - A  o r ma tch ed  ve h icle 

co n trol (PBS - / - ) a n d  left  fo r 72 h  in se rum - free  me d ia.  Cell viab ility w a s then 

me a su red  via A la ma r B lue  a ssa y s . E xpe rime n ts w e re pe rforme d  th ree  time s 

a n d  d a ta  sho wn a s me a n  ± S E M.  
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Figure  4 .1 0 : Rec ombinant J AM - A dec re ase s  c olony  forma tion in gas tro -

oes ophage al ca nce r c e lls .  N87  (A , C )  a n d OE 1 9  (B , D ) ce lls w e re  p late d  a t 

1 ,0 00  ce lls/we ll in 6 - w e ll p late s, trea te d  7  d a ys  ce lls lat e r  w ith  va ryin g  

co n cen trat ion s o f rcJAM - A  o r ma tch e d  ve h icle  co n trol (PBS - / - ) a n d  incu b ated  

fo r 7 2 h  in se rum - free  me d i u m .  Tre a t me n ts w e re the n  remo ve d  a n d  ce lls 

incu b ate d in se ru m - p o sitive me d ium fo r a  furthe r 1 0 da ys. C o lon y fo rma tio n  

w a s a sse ssed  u sing  crysta l viole t sta inin g  a nd  rea d  sp e ctrop ho to me trically a t 

a n  o p tica l d en sity of 59 5 n m fo llow ing so lub ilisat ion  o f th e sta in  in me th a n o l. 

Dat a  were  (n=3  ind epe n de n t e xp e rime n ts) a re e xp resse d  relative  to  ve h icle 

co n trol ( E V ) a s me a n  ± S E M. S tatistica l a n a lysis w a s p e rfo rme d  u sing  mu ltiple  

t - te sts (corre ctin g  fo r mu ltiple  co rre ctio n s u sing  Holm - S ida k p o st - te st) (*p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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4.3.10 Targeting JAM-A s e mi - in v iv o does not impact tumour growth 

Given the ability of JAM-A silencing to reduce both proliferation and colony 

formation in some gastro-oesophageal cancer cell lines, we utilised a chick 

embryo xenograft model (described in Section 3.3.3) to investigate the role of 

JAM-A in ESO26 cell xenografts. Our previous experience with gene silencing 

in the CAM xenograft model indicated that in situ  transfection was insufficient 

to significantly reduce gene expression (Rodrigo Cruz, personal 

communication). Hence, we silenced JAM-A in vitro 24h prior to implantation 

of cells onto the CAM and again while in situ  (Figure 4.11). Via immunoblot 

analysis, JAM-A was verified to be reduced by approximately 30% (Figure 

4.11) at the time of implantation, which was encouraging since protein losses 

would not normally manifest themselves as early as 24h. Since transient 

silencing of JAM-A has been shown to be effective beyond 96h (data not 

shown), we hypothesised that JAM-A protein levels would continue to 

decrease. Nonetheless, xenografts on the CAM were re-transfected every 72h 

with JAM-A siRNA .  On the final day, before tumour extraction, grossly visible 

tumours were observed. However, we noted no gross differences between 

tumour growth or development between siJp and control (siNeg) treated 

groups (Figure 4.11).  
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Figure  4 .1 1 :  J AM - A me dia ted s il e ncing did not  a lter  v i s ible  tumour 

dev e lopme nt in c hic k  e mbry o x e nograft mode l . Before implantation, 

ESO26 T- 75cm2 flasks at 80% confluence were transfected with either siNeg 

or siJp (25nM final concentration). The remaining cells post- implantation were 

lysed and proteins extracted. Samples were used for immunoblot analysis (A) 

and the individual biological replicate densitometrically analysed using a 

loading control (Actin) for JAM- A (B). Before model tumour excision, tumour 

visibility was recorded for each condition and statistically tested using two-

tailed FisherΩs exact test (C).  
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4.3.11 JAM-A silencing did not elicit functional changes in a chick 

embryo xenograft model. 

Following tumour excision and fixation, tumours and their surrounding CAMs 

were immunohistochemically stained for various protein markers. To ensure 

we could correctly asses invasion in implanted tumours, sections were stained 

for pan-cytokeratin to highlight epithelial cells and monitor invasion from the 

Matrigel into the CAM. Ki67 staining was also used to establish whether cells 

were proliferating at the time of extraction. Finally, sections were stained for 

JAM-A to verify if JAM-A silencing was effective .   Haematoxylin and eosin 

(H&E) staining was used for morphological reference. 

As illustrated in Figure 4.12, both control and JAM-A-silenced tumours 

invaded past the CAM (denoted by black arrows). Ki67-positivity also 

confirmed proliferative activity in both siNeg and siJp treated cells. 

Unexpectedly, it appeared that JAM-A-silenced xenografts disseminated 

across the CAM to a greater extent than control xenografts. However this was 

not easily quantified due to inter-section and inter-treatment differences.  
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Figure  4 .1 2 :  J AM - A s il e ncing did not a lte r mode l tumour forma tion or 

inv a s ion in a  c hick  e mbry o x e nograft model .  2 x 106 ESO26 cells were 

implanted onto the CAM on day 8 of embryonic development having been 

silenced 24h earlier for JAM- A (siRNA to JAM- A versus non- targeting control, 

25nM). Xenografts were re- transfected in situ on days 10 and 13. On day 14, 

xenografts on their silicon  ring s w ith  su rrou nd ing  CAM we re e xcised , fo rma lin -

fixe d  a n d sta in e d fo r JA M - A , p an - cyto ke ra tin , K i67 an d  H& E . A rea s o f tu mo u r 

a re d en o te d  b y b la ck a rro w s, a rea s o f Matrige l a re d en o te d  b y w hite  a rrow s 

a n d  a rea s o f CAM a re d e no te d  b y red  a rro w s. A ll i ma g e s w e re o b ta in e d  u sing 

a n  Olymp u s CKx4 1 micro sco p e  w ith  Cell B  i ma g i n g  so ftware  a t 2 0x 

ma g n ificat ion .  
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4.3.112 JAM-A silencing elicited expressional heterogeneity across 

cases 

As illustrated in Figure 4.13, JAM-A expression in tumours silenced with JAM-

A-targeting siRNA showed a high level of heterogeneity across samples 

(illustrated by red circles) compared to the uniform expression demonstrated 

in the siNeg control group (denoted by black circles). While a uniform 

reduction in JAM-A expression may have helped confirm whether JAM-A 

drives pathogenesis in tumours in this in o vo / semi- in vivo  model, we feel this 

result is extremely reflective of the JAM-A staining pattern across gastro-

oesophageal cancer tumour samples we have seen previously (discussed in 

later chapter). Our group has often discussed the possibility that JAM-A 

expression may require a threshold for pathogenesis, rather than an explicit 

loss or gain as a cause of functional changes. Importantly, regardless of 

heterogeneity, we were successful in altering JAM-A expression in the siJp 

cases compared to control treated (siNeg) cases. However, quantifying the 

level of JAM-A present was extremely challenging in siJp cases. Standard 

measurements would denote >10% 3+ as an overall 3+, since levels of 3+ 

were still evident in siJp cases, scoring this way would be unable to 

discriminate any differential expression patterns between groups. We 

therefore chose not to score sections, particularly when cases did not appear 

to show differences in Ki67 positivity and invasion, and instead illustrate the 

heterogeneous nature of JAM-A for further discussion. Areas where JAM-A 

was successfully reduced did not demonstrate visible differences in invasion 

or proliferation compared to control treated (siNeg) groups, indicating that 

Figure  4 .12 :  J AM - A  wa s  s ucc e ss full y s il e nce d in mode l tumours 

x e nografte d onto the  CAM.  JAM-A S ta ine d se ctio n s an a lysed  a nd  ima g e d . 

A rea s o f tu mo u r a re d e n o te d  b y b lack a rrows, a rea s o f M a trige l a re  d e no ted 

b y w h ite a rro w s an d  a rea s o f CAM a re d en o ted  b y red a rrow s.  A rea s of 

h o mo g e n ou s (blac k) a n d  h e te roge n eo us (re d ) sta inin g  p att e rns a re 

e n co mp a sse d in circles.  A ll ima g e s w e re  ob ta ine d u sing a n Olymp u s CKx4 1 

micro sco p e  w ith  Ce ll B ima g ing  so ftw a re a t 20 x ma g n ificat ion.  
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JAM-A reductions had no impact on the aggressive nature of ESO26 cells in 

o vo /se mi - in vivo . 

4.4 Discussion 

Aberrant expression of the adhesion protein Junctional Adhesion Molecule-A 

has been shown across different cancer types, with both loss (122-124) and 

gain (100, 131, 133) being hypothesized to drive pathogenesis. The lack of 

unifying role for JAM-A in cancer has translated into a lack of clarity on a 

potentially viable therapeutic target and biomarker in cancer. Furthermore, given 

the high rate of resistance to targeted therapies in many cancers, breast and 

gastro-oesophageal cancers for example, elucidating upstream targetable 

regulators could prove key in combating poor survival rates among particular 

patient cohorts.  

Our laboratory has previously reported that high levels of JAM-A protein 

expression correlated with poor survival in breast cancer patients (131), but 

have been aware of the discrepancies surrounding JAM-A loss vs gain in both 

breast and other cancer types (122, 124, 127, 128). While this may be as a 

result of different methodologies, it is conceivable that JAM-A may play different 

roles in different cancer types or even across individual patients. This may be 

the result of a number of different factors, including differential micro-

environments (214-216), gene expression patterns of tumours etc (217-219). 

However, given evidence that JAM-A may be a poor prognostic biomarker in 

certain settings (122), it is essential that the mechanisms surrounding JAM-A 

driving pathogenesis are better defined in order to evaluate whether it may be a 

therapeutic target or not.  

In light of the pre-existing conflict surrounding JAM-A in gastro-oesophageal 

cancers (122, 127), we verified its expression as moderate-high in a small 

commercially-available TMA of gastric and oesophageal cancer cases. 

Furthermore, we validated suitable in vitro  models and selected three JAM-A-

expressing gastro-oesophageal cell lines to test whether JAM-A had the ability 

to drive pathogenesis in these cancer cell lines. Optimisation of transient 
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transfections to alter JAM-A levels proved much more challenging in gastro-

oesophageal cancer cell lines, compared to breast cancer cell lines (100, 131). 

Among other concerns, due to the slow growing, clustering nature of the cell 

lines selected, cell plating density became a major consideration for optimal 

extraction. Seeding densities too low, and cells transfected too soon after 

plating, meant that cell numbers on extraction were low to unreadable via 

protein quantification assays and Western blotting (data not shown). Conversely, 

due to the clumped colony nature of the gastro-oesophageal cell lines, high 

seeding densities or transfections at higher confluency also hampered 

transfection efficiency and consistency, suggesting a ‘lack of access’ of 

transfection mix to the cells.  

Moreover, issues surrounding JAM-A-mediated silencing and its impact on 

cytoskeletal proteins (used as loading controls) became apparent. Following 

expression analysis in a PCR screening panel (Sri Vellanki, personal 

communication), our group was aware that expressional alterations in JAM-A 

induced corresponding changes in many potential downstream targets including 

common loading controls like actin and GAPDH. Given the challenges of 

ensuring high levels of protein within samples, immunoblotting of low protein 

concentrations (~5-10µg) of samples exacerbated the signal to noise ratio in 

loading control proteins, making it extremely difficult to use appropriate 

densitometry methods. All in all, JAM-A proved a difficult protein to modulate in 

this cancer setting, though we did manage to elicit significant changes to JAM-A 

across all three cell lines at both gene and protein levels.  

Following validation of techniques, we examined the proliferative and colony 

forming capabilities of cells after either silencing or overexpression of JAM-A. 

We showed that JAM-A reductions resulted in decreased viability and colony 

forming of two of three of the gastro-oesophageal cancer cell lines, while the 

third increased. JAM-A overexpression did not appear to alter functional cellular 

behaviours associated with tumorigenesis in any of the cell lines, though we 

note that these cells already express high levels of JAM-A.  
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Currently, to the best of our knowledge, no body of research conducted has 

highlighted JAM-A as playing a potentially complex role across one cancer type. 

Given the proliferative differences across cell lines following JAM-A loss, it is 

possible that JAM-A expression directly relates to spatial and temporal settings 

of individual tumours. As previously mentioned, we hypothesise that JAM-A may 

act as a ‘molecular switch’ where expressional thresholds must be met before 

functional changes are induced. We suggest that this is the case for differential 

responses across the three gastro-oesophageal cancer cell lines, complicated in 

part by differential transfection efficiencies between them. Specifically, if a 

particular threshold for amount of loss or gain of JAM-A required is met, we 

speculate that only then is a pathophysiological role for JAM-A activated. If this 

were to be true, uncovering the exact point of such a ‘molecular switch’ would 

prove key for future work implicating JAM-A as a player in cancer pathogenesis.  

Our group has previously shown extracellular JAM-A cleavage and its regulation 

by ADAMs as playing an novel potential role in resistance to HER2-targeted 

therapies in breast cancer patients (208). We have also highlighted that 

recombinant cleaved JAM-A (rcJAM-A) promotes invasive properties in vitro and 

in vivo  in breast cancer models (208). However, rcJAM-A seems not to exert 

similar effects in gastro-oesophageal cancer cell lines in vitro.  While there was 

no effect on cellular proliferation, surprisingly, colony forming abilities were 

reduced following treatment with a recombinant form of cJAM-A. It may be the 

case that cJAM-A plays a role in micro-environmental communication rather 

than cell survival and, like other soluble proteins released by primary tumours, 

could prime metastatic niches (220). It would be interesting to see if inhibition of 

cJAM-A  release at varying levels via ADAM inhibition (208, 209) elicited 

differential outcomes to colony forming abilities of gastro-oesophageal cancer 

cells and whether rcJAM-A had the ability to drive invasion of gastro-

oesophageal cells in vivo , where micro-environment of primary tumours are 

replicated. 

Finally, having demonstrated JAM-A silencing had the ability to reduce 

tumorigenic properties of cells in vitro, we  investigated whether the same held 

true in in vivo  settings, and utilised chick embryo xenograft assays to assess the 
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impact of JAM-A silencing on tumour development and invasion . No evidence 

was found to suggest that JAM-A expressional decreases could reduce tumour 

burden and hence quantification of Ki67 and cytokeratin levels was not 

undertaken as no differences were apparent However, given the strong 

heterogeneity in JAM-A staining both within and across JAM-silenced 

experimental replicates, it is possible that the threshold for reducing tumour 

burden was not met, or  it is also possible that regardless of JAM-A expression 

levels, tumours retain their invasive properties and hence their ability to 

disseminate across the CAM (172, 187, 221).  

Overall, we have shown that JAM-A does not behave in the same way in gastro-

oesophageal cancer cell lines as previously described in breast cancer cells and 

that given the lack of consistency across gastro-oesophageal cell lines, further 

work is required to underpin whether JAM-A functions as a switch for 

pathogenesis in this setting.  
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Chapter 5: Probing a relationship between JAM-A 

and HER2 in gastro-oesophageal cancer cells   
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5.1 Introduction 

Previous work in our laboratory has focused on the role of JAM-A in specific 

molecular subtypes of breast cancers, particularly the emerging relationship 

between JAM-A and HER2 expression (100) and the role of JAM-A in 

developing resistance to HER2-targeted therapies in HER2-positive breast 

cancer settings (208). In addition, our cell biological investigations have shown 

that silencing JAM-A expression in breast cancer cells reduces cellular 

behaviours associated with tumorigenesis (100, 131). Furthermore, our recent 

investigations in a mouse model of breast ductal carcinoma in situ  (DCIS) 

revealed that dual inhibition of both JAM-A and HER2 shortened the interval to 

reach maximal efficacy of a HER2-targeted therapy (Yvonne Smith, personal 

communication). This thesis has so far demonstrated that in some instances 

JAM-A silencing alters viability in gastro-oesophageal cells; but it suggests 

that the role of JAM-A in gastro-oesophageal cancers is more complex than 

that in breast cancer. We therefore sought to investigate in more detail 

whether JAM-A plays a role in the regulation of HER2 in the gastro-

oesophageal setting.  

As discussed in Section 1.4, HER2 belongs to a family of receptor tyrosine 

kinases, which upon phosphorylation activate a cascade of downstream 

signalling pathways relating to proliferation, metastasis and survival (81, 82). 

Gastro-oesophageal cancers were approved for the clinical use of HER2-

targeted therapies in 2010 (71), but the same issues surrounding d e n o vo  and 

acquired resistance seen in HER2-positive breast cancers also exist in gastro-

oesophageal cancers (222-225). Hence a need to uncover valid upstream 

targets within the HER2 pathway has presented itself, so that cancer 

progression induced via HER2 signalling can still be inhibited in resistant 

settings. Resistance to HER2-targeted therapies has been described to occur 

through different mechanisms, including post-translational modifications of 

HER2, which, despite attempted inhibition, allow HER2 to remain 

constitutively activated (226, 227). Resistance has also been demonstrated in 

cases where other HER family members are activated in the absence of 
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HER2 (227, 228). It is possible that JAM-A could play a role in promoting 

HER2 activation through post-translational modifications. 

Furthermore, understanding how HER2 is recycled within cells has proven 

challenging since HER2 has no known ligand. However some research 

involving HSP90 inhibitors has highlighted a possible role for lysosomal 

regulation and demonstrated the presence of HER2/Trastuzumab-HRP 

conjugates within lysosomes (229). Hence, synthetically inhibiting lysosomal 

function may result in increased levels of HER2 at the cell surface and 

warrants investigation.  Unpublished data from our group has shown both 

proteasomal and transcriptional regulation of HER2 downstream of JAM-A 

expression, relating to tumour progression in breast cancers. Given these 

results, it is important to elucidate whether a similar role for HER2 regulation 

by JAM-A is seen in the HER2-positive gastro-oesophageal cancer setting. 

Furthermore, since common mechanisms of protein regulation occur at either 

transcriptional or post-transcriptional levels, It will be important to explore both 

mechanisms in this cancer setting if JAM-A is found to alter HER2 expression.  

If JAM-A w e re  to play a role in either the stabilisation of HER2 or the 

compensatory increased expression of other HER family members during 

HER2 inhibition, then JAM-A could prove to be a valid target in this setting.   
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5.2 Aims of this Chapter 

Having optimised JAM-A mediated silencing and overexpression of JAM-A in 

three gastro-oesophageal cell lines (Chapter 4), the primary aim of this 

chapter was to elucidate whether JAM-A is involved in the regulation of HER2 

expression levels in HER2-positive gastro-oesophageal cancer settings. The 

specific aims were as follows: 

Specific Aim 1: To determine whether JAM-A silencing reduces HER2 

expression in gastro-oesophageal cancer cell lines and, if so, to examine 

underlying transcriptional or post-transcriptional regulatory pathways. 

Specific Aim 2: To examine whether JAM-A silencing alters HER2 expression 

in a se mi - in vivo  gastro-oesophageal xenograft model. 

Specific Aim 3: To probe a possible correlation between HER2 positivity and 

high JAM-A expression in gastro-oesophageal cancer patient tissues.  



128 

 

5.3 Results 

5.3.1 High JAM-A and HER2 expression are related to poor prognosis in 

gastric cancer patients 

To establish the clinical significance of JAM-A expression in HER2-positive 

gastric cancer patient cases we used an open-source online gene expression 

data resource (http://kmplot.com) (140). Analysis revealed that high 

expression of both JAM-A and HER2 in gastro-oesophageal cancers carried a 

significantly greater risk of both poorer overall survival in patients (p=0.033) 

and poorer survival in patients whose cancers progressed (p=0.036) (Figure 

5.1). However, high JAM-A expression in HER2-positive cases did not 

significantly impact on gastric cancer progression/metastatic risk (Figure 5.1). 

This may suggest that in this cancer setting, JAM-A does not drive metastatic 

phenotypes, but instead may impact other phenotypes, perhaps cell death 

mechanisms or even responsiveness to therapies. 

To examine the correlation between JAM-A and HER2 expression in gastric 

cancer patients, we also used another open-source online data resource 

(http://xenabrowser.net). Analysis revealed that high JAM-A and high HER2 

gene expression were moderately, positively correlated in a gastric cancer 

patient cohort (r=0.4, p=<0.001) (Figure 5.1). This indicates that high JAM-A 

expression is associated with higher levels of HER2 and supports our 

hypothesis that JAM-A may be a potential candidate for therapeutic targeting, 

requiring validation, in HER2-positive gastro-oesophageal cancers. 

  

http://kmplot.com/
http://xenabrowser.net/
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Figure  5 .1 : High J AM - A a nd  HER2  e x pre ss ion pre dic t wors e ned 

s urv iva l in gas tric c a nce rs.  The  K a p lan - Me ier P lot  p lat fo rm 

( h tt p ://kmp lot .co m/a n a lysis/ ) w a s u se d  to  g ene rate  su rviva l cu rves sh ow ing 

a sso ciate d  JAM - A  a nd HER2  e xp ression  in g a stric ca n ce r pa tien ts.  Usin g 

F11 R jet set p rob e s ( e xclud ing GS E6 22 5 4 a s reco mme n d e d )  in HER2 -

p o sitive ca se s reve a le d  h igh mRNA  e xp ression  o f F1 1 R (JAM - A ) is 

a sso ciate d  w ith worsen e d  o ve rall su rviva l (A)  a n d  p o st - p rog ression su rv ival 

(C),  b u t n o t risk o f p rog ression  (B). X e n a b row se r p lat fo rm 

( h tt p s://xe na b row se r.ne t/ ) was u se d  to  ge n e ra te  a sca tte r p lot  ( D) sh ow ing 

co rre lat ion s  b etwe en  JAM - A  a n d  HER2  mR N A  e xp ression  in g a stric ca n cer 

p a tien ts.  Usin g   F11R a n d  E RBB 2  g e nes a s va ria b les in the  TCGA 

S to ma ch  Can ce r co ho rt, revea led  a  statistica lly sign ifican t mo d e rate ly 

p o sitive co rre lat ion  (D).  

 

 

 

http://kmplot.com/analysis/
https://xenabrowser.net/
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5.3.2 Basal expression of HER2 in JAM-A expressing cell lines 

Having already established dual JAM-A-/HER2-expressing GE cancer cell 

lines, we sought to confirm that these results could be confirmed by a 

separate, clinically-utilised method. Accordingly, cell pellets were prepared 

from cultured ESO26, N87 and OE19 cell lines and immunohistochemically 

stained for JAM-A and HER2. As illustrated in Figure 5.2, all three cell lines 

expressed high levels of both JAM-A (3+ staining) and HER2 (3+ staining).  

 

 

 

  

Figure  5 .2 :  J AM - A a nd HE R2  ba s a l e x pre s s ion  in ga s tro - oesophage al 

c a ncer ce ll li nes .  Formalin- fixed cell pellets from ESO26, N87 and OE19 

gastro- oesophageal cell lines were paraffin- embedded and 

immunohistochemically stained for JAM- A and HER2 (A). Staine d  se ctio ns 

w e re ima g e d a nd  fo rma tt ed  u sing  Qu p a th  softw a re a t 9 .66 x ma g n ifica tio n .   
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5.3.3 JAM-A silencing significantly increases HER2 mRNA expression 

Our laboratory had previously shown that JAM-A regulated both HER2 mRNA 

and protein levels (Rodrigo Cruz, personal communication), so we examined 

HER2 mRNA expression following JAM-A silencing. Surprisingly, we saw 

significant increases in HER2 mRNA expression in two of our cell line models 

following JAM-A silencing, opposing previous work completed in breast cancer 

cell lines. Specifically, HER2 mRNA expression was significantly increased 

(by 1.16 ± 0.3-fold; p=0.0166) in ESO26 cells following JAM-A silencing (to 

0.58 ± 0.08-fold of control levels; p=0.0017) (Figure 5.3). N87 cells saw 

significant reductions in HER2 mRNA expression (to 0.31 ± 0.06 relative to 

control levels; p=0.077) following JAM-A reductions (to 0.53 ± 0.07 of control 

levels; p=0.0017) (Figure 5.3). Further to our surprise, the cell line that had 

shown increased proliferation following JAM-A silencing in the previous 

chapter, OE19, exhibited significantly lower HER2 mRNA levels (reduced to 

0.65 ± 0.2 of control levels; p=0.0168) after JAM-A mRNA reductions (0.36 ± 

0.11) (Figure 5.3). While these results appear counter-intuitive given the 

functional responses to JAM-A reductions demonstrated in the previous 

chapter, it is possible that cells with reduced HER2 mRNA expression may 

activate compensatory mechanisms to increase proliferation. It is also 

possible that ESO26 and N87 cell lines may upregulate mRNA expression of 

HER2 in response to JAM-A loss, but are met with translational issues 

evoking fluctuating protein expressions downstream. 
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Figure  5 .3 :  J AM - A e x pre s siona l re duc tions va ria bly  a lte r HER2 

e x pres s ion ac ross  cell  li ne mode ls. G a stro - o e so ph a ge a l can ce r ce lls w e re 

pla ted at  2x1 0 5  in 6 - well pla te s an d allowed to  unde rgo one dou bling  time 

b e fo re ce lls w e re tran sien tly tran sfe cte d w ith  e ithe r n on - ta rgeting  siRNA 

(siNeg ) o r JAM - A  ta rge ting  siRNA  p oo l (siJp ) ( fin a l co n ce n tration  2 5n M). 

RNA  w a s e xtra cted ,  cDNA  g e n e rate d  a n d  qRT - P CR p e rforme d  to  d e te rmine  

HER2  e xp ression  fo r E S O26  (A) N87  (B) a n d  OE 19  (C)  ce lls. Ct va lue s of 

sa mp les w e re se t relative t o  ma tch e d  Ct va lue s o f the  h ou se ke e p ing  co n trol 

g e ne  (RP L P 0 ). A na lysis o f th ree  ind ep en d en t e xpe rime n ts ( n =3 ) w as 

d ispla ye d  a s me a n  ±  S E M a n d  sta tistica lly co mp a red  u sing  un p a ired , tw o -

tailed Studentôs t- tests.  (*p<0. 0 5, **p <0 .0 1 , ** *p <0 .0 01 ).  
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5.3.4 JAM-A silencing does not significantly alter HER2 protein 

expression 

Previous work in our laboratory has demonstrated that JAM-A silencing 

decreases HER2 expression in several breast cancer cell lines (131). Knowing 

that gastro-oesophageal cancers sometimes overexpress HER2, we wanted 

to elucidate whether the same mechanism of regulation was demonstrated 

across a panel of gastro-oesophageal cancer cell line models. Furthermore, 

we wanted to probe any functional differences between the models, given that 

JAM-A silencing did not elicit uniform functional responses across the cell 

lines (as demonstrated in Section 4.3.5).  

As shown in Figure 5.4 ESO26, N87 and OE19 cells were transfected with 

either control siRNA (siNeg) or a pool of two siRNAs targeting JAM-A (siJp). 

Upon cell harvesting at 96h post-transfection, JAM-A protein expression was 

reduced by 44 ± 16% in ESO26 cells, by 39 ± 7% in N87 cells and by 56 ± 

17% in OE19 cells; yet there was no evidence of significant changes in HER2 

protein expression. However the individual HER2 expressional responses in 

biological replicates varied greatly from each other, as did the levels of JAM-A 

silencing. This may support our idea of an expressional threshold, whereby a 

specific level of JAM-A loss must be achieved before any downstream 

functional changes become evident.  

Specifically, following significant reductions to JAM-A in ESO26 cells 

(p=0.0471; 44 ± 16%) there were no significant changes to HER2 protein 

levels (to 55 ± 47% in JAM-silenced versus control conditions). HER2 

expression changes in N87 were not significant and varied greatly (8 ± 38%) 

following significant JAM-A reductions (39 ± 7%; p=0.0043). OE19 cells had a 

similar response following statistically significant reductions in JAM-A by (56 ± 

17%; p=0.0317), with insignificant changes to HER2 expression (12 ± 18%).  

Since we had previously hypothesised that JAM-A-induced changes in 

functional behaviour may require an expressional threshold, we next sought to 

test whether the same was the case for JAM-A-dependent regulation of HER2 

expression levels. We used a compilation of biological and technical replicates 
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of JAM-A-silenced samples in ESO26 cells previously probed for JAM-A and 

HER2 via Western blotting, and densitometrically analysed. We then 

performed correlation analysis using Pearson’s correlation coefficient and saw 

no significant correlation between expressional changes of two proteins 

(Figure 5.5). This suggested that there was no expressional threshold of JAM-

A for regulating HER2 expression.  
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Figure  5 . 4 : J AM - A s ile nci ng did not c hange  HER2  protein ex pres s ion in 

gas tro - oes ophagea l c e ll  li nes . Ga stro - o e so p ha g ea l  ca n ce r ce lls lin e s w e re 

p lat ed  a t 2 x1 0 5  in 6 - w e ll p lat e s an d  a llowed  to  u nd e rgo  on e  po p u lation 

d o ub lin g  be fo re ce lls w e re tran sien tly tran sfe cte d  w ith  e ithe r n on - ta rge ting 

siRNA (siNeg ) o r a  JAM - A  ta rge tin g  siRNA p o o l (siJp ) ( fin a l co nce n trat ion 

2 5 n M). L ysate s w e re th e n  sub jecte d  to  immu n o b lot  an a lysis  fo r JA M - A  a nd 

HER2 .  E S O26  (A) , N 8 7  (D)  a n d  OE 1 9  (G) . Den sito me tric a n a lysis (ESO 26 

(B,C) , N87  (E, F)  and  OE1 9 (H,I ) )  (n=3  ind e pe n de n t e xp e rime n ts) w as 

pe rfo rmed  rela tive to  a loa din g con trol (Actin) an d displaye d relat ive to  siNeg 

a s me a n  ±  S E M. S ta tistica l sign ifican ce  w a s te ste d  u sing  un p a ired , tw o - ta iled 

Studentôs t.tests.  ( *p<0.0 5 , **p <0 .0 1 , ***p <0 .00 1 ).  
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Figure  5 .5 : J AM - A e x pres s ional re duc tions do not c orre late wi th 

induc e d c hanges  in HER2  e x pres s ion. The  g a stro - o e sop ha ge a l ca n ce r 

ce ll lin e  E S O26  was  p la te d  a t 2 x10 5  in 6 - well p lat e s an d  a llow ed  to u n d e rgo 

o n e  po p u latio n  do u b lin g  b e fo re ce lls w e re  tra n siently tran sfe cte d  w ith  e ith e r 

n o n - ta rg e ting  siRNA (siNeg ) o r a  JA M - A  targe tin g  siRNA po o l (siJp ) ( fin al 

co n cen trat ion  2 5n M). L ysa te s were  su b se que n tly  immu n o b lot ted  fo r JAM - A 

a n d HER2 ; a nd  de n sito me trically rep rese n ted  relat ive to the  b a nd  si ze  o f t he 

loa d ing  co n trol p ro te in  (Actin ). S tatistica l sign ifican ce  was te ste d  u sing 

Pearsonôs correlation coefficient.   
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5.3.5 Increased JAM-A expression does not significantly alter HER2 

expression 

To summarise our findings to date, JAM-A silencing in gastro-oesophageal 

cancer cell lines had elicited greatly varied expressional changes in HER2 

levels, which did not correlate with expressional changes previously observed 

in breast cancer cell lines or support our hypothesis that JAM-A levels exerted 

a parallel regulation on those of HER2. However, since JAM-A o ve re xp ression  

rather than loss in patients is the feature of most interest, we therefore set out 

to examine HER2 expression in a JAM-overexpressing microenvironment. 

Accordingly, JAM-A was transiently overexpressed in gastro-oesophageal cell 

lines in order to search for knock-on consequences for HER2 protein 

expression. We hypothesised that, given the complexity of JAM-A 

expressional thresholds in GE cancers, HER2 may increase in correlation with 

JAM-A.  

However, high levels of variation in HER2 expression following transient JAM-

A overexpression across three cell lines resulted in no significant changes to 

HER2 mRNA expression (Figure 5.6A-C). HER2 protein expression also 

varied greatly following JAM-A overexpression, but was not statistically 

significant despite a trend for parallel increases in both ESO26 and OE19 

cells. Specifically, HER2 expression in ESO26 cells was increased by 94 ± 

61% following JAM-A overexpression (Figure 5.6G), while that in OE19 cells 

increased by 23 ± 12% under similar circumstances (Figure 5.6I). Variability 

was even higher in N87 cells, with two biological replicates showing HER2 

reductions of approximately 15%, while the third replicate showed increases of 

almost 100% (used as representative image in Figure 5.6H).  
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Figure  5 .6 : Tra nsi e nt ove re x pres s ion of J AM - A  does  not c han ge HER2 

gene  or protein ex pre s s ion. Ga stro - o e so ph a ge a l  ca n ce r ce lls lin e s w e re 

p lat ed  a t 2 x10 5  in 6 - well p l a te s. E SO2 6  ce lls w e re a llow ed  to  un de rgo  one 

po pula tion  do ubling  and  N87  an d OE1 9 cells incub ated  for 24 h bef ore cells 

w e re tran sien tly tran sfe cte d  w ith  e ith e r con trol (EV)  o r h JAM - A  (J+ )  p lasmid  

(1 µ g ). RNA  w a s e xtrac te d,  cDNA  g e n e ra te d  a nd  q RT - P CR p e rforme d  to 

d e te rmine  HER2  e xp ression  fo r E S O2 6  (A) N87  (B) a n d  OE 1 9  (C)  ce lls. Ct 

va lue s o f sa mp les w e re set relat ive to ma tch e d  Ct va lues o f th e 

h o u se ke ep ing co ntrol g e ne  (RP LP 0 ). L ysa te s w e re  the n su b je cte d to  

i mmu n o b lot  a na lysis  f o r JAM - A  a nd  HER2.  E S O26  (A) , N87  (D) , a n d  OE 19 

(G) . Den sito me tric a na lysis (ESO 2 6 (B,C) , N87  (E,F) , an d  OE 19  (H,I ) )  (n=3  

ind e pe n de n t e xpe rime n ts) was pe rforme d  relat ive to  a  loa d ing  con tro l (Actin ) 

an d displaye d relative to  siNeg  as mea n ±  SEM. St at istica l sign ifican ce w as 

te sted  u sing  un p a ired , tw o - tailed Studentôs t.tests.  ( *p<0 .05 , **p <0 .01, 

***p <0 .00 1 ).  
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5.3.6 Reductions in JAM-A alter HER2 membranous staining 

Having seen such variability of HER2 expression following both JAM-A 

silencing and overexpression across gastro-oesophageal cancer cell lines, we 

tested whether JAM-A alterations correspondingly altered HER2 in ways that 

could not be appreciated by simple expression analysis. Specifically, 

immunofluorescence microscopy was conducted on ESO26 cells following 

JAM-A silencing to visualise any changes in HER2 localisation. Interestingly, 

HER2 membranous staining was punctate or incomplete in several spatial 

areas where JAM-A was reduced (Figure 5.7); with some suggestion of 

cytoplasmic uptake of the protein; in comparison to the membranous staining 

of HER2 across control treated (siNeg) cells (white arrows). It was however 

not uniform across all replicates.  

Since this outcome was based on visualised changes to structure, rather than 

loss or gain of HER2 staining, quantitative analysis was notundertaken. It is, 

however, suggestive that further work elucidating cellular stabilisation changes 

following JAM-A silencing may prove beneficial. 

Given the variability in HER2 expressional changes following manipulation of 

JAM-A levels in gastro-oesophageal cancer lines, it was likely that no direct 

regulation by JAM-A was occurring in this setting. However, it was still 

possible that JAM-A was indirectly regulating HER2 through transcriptional or 

post-transcriptional methods. Hence we next sought to discover whether the 

variations in HER2 disruptions following JAM-A silencing could be stabilised 

using known mRNA and lysosomal inhibitors.  
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Figure  5 .7 : J AM - A s il e nci ng alter s  HER2  loc a lis a tion in gas tro -

oes ophage al ce lls . Th e  ga stro - oe so ph a ge al ca n ce r ce ll lin e  ESO2 6  w as 

p lat ed  a t 5 x10 4  c e lls o n to  co ve rslips  an d  a llow ed  to  u nd e rgo  o n e  po p u lation 

d o ub lin g  be fo re ce lls w e re tran sien tly tran sfe cte d  w ith  e ithe r n on - ta rge ting 

siRNA (siNeg ) o r a  p o o l o f siRNA ta rge ting  JAM - A  (siJp ) ( fin a l co n ce n trat ion 

2 5 n M).  Follow ing  fixa tio n  an d  E SO2 6 ce lls w e re su b jecte d  to 

i mmu n o flu o resce n ce  d o ub le - lab e lling  a nd  a n a lysed  u sing  Zeiss L S M - 5 10 

co n fo ca l micro sco p y. Gree n  sta ining  d e no tes JAM - A , red  sta inin g d en o tes 

HER2  a n d  ye llo w  stainin g  d en o te s co - localisa tio n .  A rea s o f interest  a re 

d e no te d b y w h ite  a rrow s. S ca le b a r 2 0 ɛM .  
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5.3.7 JAM-A silencing does not alter HER2 expression through inhibition 

of RNA synthesis.  

Work in our lab has previously shown JAM-A as a regulator of HER2 

expression at both transcriptional and post-transcriptional levels (100, 208). 

We therefore set out to examine whether effects on HER2 expression induced 

by JAM-A silencing were related to transcriptional pathways.  

As a tool to investigate the impact of JAM-A silencing on transcriptional control 

of HER2, we used Actinomycin D (ActinoD) to stabilise topoisomerases I and 

II and thereby inhibit RNA synthesis. Accordingly, ESO26, N87 and OE19 

cells silenced for JAM-A were subsequently treated with ActinoD to determine 

whether JAM-A exerted pre-translational control over HER2 expression. 

ActinoD failed to block HER2 expressional changes induced by JAM-A gene 

silencing (Figure 5.8), indicating that transcriptional pathways were not 

involved. 

As ActinoD induces apoptosis in cancer (230, 231), cleaved caspase-3 (cas-3) 

was used as a positive control to verify ActinoD bioactivity. While cleaved cas-

3 was predictably increased in ActinoD treated conditions, it was interesting to 

note enhanced cas-3 cleavage in JAM-A-silenced cells treated with ActinoD 

(Figure 5.8). Previous research has shown that JAM-A removal increases 

apoptotic potential in gastric cancer cells (125, 127), but it was encouraging 

that this observation was consistent across all three cell lines (even in OE19 

cells which had previously exhibited increased growth following JAM-A 

silencing). Further negative controls (siNeg + Actino D.) would have been 

ideal, however, since comparisons were only to be made between siJp and 

siJp + ActinoD and given the difficulties surrounding protein levels upon 

extractions for all siJp treated samples; other negative controls were not 

utilised within this experiment.  

Since JAM-A was not controlling HER2 expression at RNA synthesis level, we 

next looked to other mechanisms of protein regulation. 
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Figure  5 . 8 :  HER2  e xpre s s ion va ria tions  foll owi ng J AM - A s il enci ng a re  

not re gula ted a t RN A s y nthes is  lev e l. Ga stro - o e so p ha ge a l  ca n ce r ce ll 

lin e s w e re  p late d  at 2 x1 0 5  in 6 - w e ll p l ates a n d  a llowed  to  u nd e rgo  o ne 

p o pu lat ion d ou b lin g  be fo re b e ing  tran sien tly tran sfe cte d  w ith  e ithe r co n trol 

siRNA (siNeg )  o r a  JAM - A  ta rge tin g  siRNA p o o l  (siJp )  (fina l co nce n trat ion 

2 5 n M) .  Follow ing  66h  tran sfe ction , th e RNA  syn the sis inh ib itor A ctin oD 

(4 µ M)  w a s a d de d  to  ce lls fo r 6 h . P rote ins were  e xtrac ted  a n d  sa mp les u sed 

f o r immu n o b lot  a na lysis: E S O26  (A) , N87  (B) , a n d  OE 1 9  (C) . Densito me tric 

a n a lysis (ESO2 6  (D,E ,J ) , N87  (F,G ,K) , an d  OE 1 9  (H,I ,L) )  (n=3  inde p en d ent 

e xp e rime n ts) w a s e xp resse d  relat ive  to  loa d in g  co ntrol (Actin ) a nd  d ispla yed 

a s me a n  ±  S E M. S ign ifican ce  w a s te sted using paired Studentôs t- tests .  

(*p<0. 0 5 , ** p <0 .0 1 , ***p <0 .0 01 ).  
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5.3.8 Lysosomal inhibition does not alter HER2 expression following 

JAM-A silencing 

As lysosomes play a crucial role in cell surface receptor degradation and have 

been shown to regulate the recycling of HER2 (229), we next sought to 

investigate whether JAM-A played a regulatory role upon HER2 lysosomal 

turnover. Specifically, we hypothesised that if the lysosome was involved in 

degrading HER2 secondary to JAM-A silencing, lysosomal inhibition would 

protect against this event. Lysosomal function was inhibited using chloroquine, 

a known inhibitor of autophagosome-lysosomal fusion (232) (CQ; 30μg/mL) 

during the final 6h of 72h JAM-A silencing in ESO26, N87 and OE19 GE 

cancer cell lines.  

As shown in Figure 5.9, successful inhibition of lysosomes was evidenced in 

the positive control condition by increased levels of LC3B II (indicating an 

accumulation of autophagosomes (233)). As expected, JAM-A silencing 

evoked altered HER2 expression responses which were different among cell 

lines, but these were not significantly altered by lysosomal inhibition. This 

suggested that lysosomal proteolytic regulation is unlikely to be involved in 

regulation of HER2 levels by JAM-A. 
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5.3.9 I n  v itro HER2 targeting is more effective in JAM-A silenced cells 

With accumulating evidence that JAM-A does not regulate HER2 expression 

in gastro-oesophageal cancer cell lines as it does in breast cells, we were 

nonetheless intrigued by the fact that JAM-A loss may prime cells to undergo 

apoptosis (Figure 5.8). Since common HER2 therapies activate apoptotic 

pathways (234-237), we therefore questioned whether JAM-A loss may have 

the ability to increase responsiveness to HER2 therapies in vitro . We also 

predicted that the OE19 cell line may respond differently given that OE19 cells 

had increased growth following JAM-A loss, in contrast to ESO26 and N87 cell 

lines (Section 4.3.5). 

Figure  5 . 9 :  HER2  ex pre s s ion a l  va ria tions follow ing J AM - A s il e nc ing a re 

not depe ndent on l y s osom al degr a dation. Ga stro - o e so p ha ge a l ca n cer 

ce ll lin e s w e re p late d  a t 2 x1 0 5  in 6 - w e ll p lat e s a n d  a llow ed  to  un de rgo  one 

p o pu lat ion d ou b lin g  be fo re b e ing tran sien tly tran sfe cte d  w ith  e ithe r co n trol 

siRNA (siNeg ) o r a  p o o l o f JAM - A  ta rge tin g  siRNA (siJp ) (fina l co n ce n trat ion 

2 5 n M). Follow ing  6 6 h tran sfe ctio n , th e  lysoso ma l inh ibito r (CQ) ( 3 0 µ g / mL )  

w a s a dd e d to ce lls for 6 h . P rote in s w e re extrac te d a nd  sa mp les u sed  fo r 

i mmu n o b lot  a n a lysis: E S O26  (A) , N87  (B) , a n d  OE 19  (C) .  Densito me tric 

a n a lysis (ESO2 6 (D,E ,J ,K) , N87  (F,G ,L,M) , a n d  OE 19  (H,I ,N,O) )  (n=3 

ind e pe n de n t e xpe rime n ts) was e xp resse d relat iv e  to  lo a d in g  con tro ls (Actin ) 

a n d  d isp layed  a s me a n  ±  SE M. S ign ifica n ce  w a s te sted  u sin g  p a ired 

Studentôs t- tests .  (*p<0.0 5 , **p <0 .0 1 , ***p <0 .00 1 ).  
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Figure  5 . 1 0 :  J AM - A s il e ncing s e nsi tis e s gas tro - oes ophage a l  c e ll s  to 

a nti - HER2  drugs .  E SO2 6 , N87  a nd  OE 19  ce lls w e re p late d  in triplica te  w e lls 

o f 9 6 - w e ll p late s  (5 , 00 0  ce lls/w e ll)  a n d  tran sfe cte d  a fte r 7 2h  w ith  e ither 

co n trol siRNA (siNeg ) o r p oo led  siRNA to  JA M - A  (siJp ) (fina l co nce n trat ion 

2 5 n M). A fte r 7 2h ,  ES O2 6  a n d N87  ce lls w e re th en  treate d w ith  e ith er 

Tra stu zma b  (T ras;  1 0µg / mL ) o r L a p a tin ib (La p ; 2 µM ) fo r 2 4 h , while OE 19 

ce lls w e re trea te d  a t th e  sa me  co n ce n tration s o f b o th  Tra s an d  La p  fo r 7 2 h . 

Con trol c e lls w e re treate d  w ith  ma tch e d  veh icle  co n trols (VC) (Tra stu zu ma b 

V C: H 2 O 0 .0 5 % v/v ;  L a pa tin ib V C: D MS O 0 .0 2 % v/v). Cell viab ility w as 

a sse ssed  u sing  A lama r B lue  a ssa y s  a n d  e xpe rime n ts p e rforme d  th ree  time s .  

D a ta  sho wn rep rese n t me a n  ± S E M , an d  sta tistica l sign ifican ce  was te sted 

u sing  p a ire d , tw o - tailed Studentôs t- tests .  (*p<0. 0 5 , **p <0 .01 , ***p <0 .0 01 ) .  

 

 

 

As shown in Figure 5.10, JAM-A silencing sensitised cells to the anti-viability 

effects of Trastuzumab (Tras). Comparing the means between Tras alone vs 

JAM-A silenced cells plus Tras treatment, there was a significant reduction in 

cell viability in ESO26 cells, with reductions of 60 ±13% (p=0.0422). 

Importantly there were also significant differences between siRNA control + 

Tras and siJp + Tras treatment groups, ensuring that the additive effect of 

Tras was induced by JAM-A silencing and not by the transfection process. 

N87 cells also saw significant reductions of 37 ± 3% between siJp + Tras and 

Tras alone treatment groups (p=0.0089), however the difference between 

negative control siRNA treated + Tras and siJp + Tras was insignificant. This 

may therefore represent an artefact of the transfection process. Knowing that 

JAM-A silencing increased the proliferation of OE19 cells (Section 4.3.5), we 

did expect to see differences in responsiveness to anti-HER2 drugs in siJp-

treated groups across the gastro-oesophageal cell lines. However we saw no 

significant reductions in viability of Tras treated OE19 cells compared to 

untreated groups, suggesting that the cells did not respond to the treatment at 

this timepoint. 
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These results were also recapitulated with the dual EGFR/HER2 kinase 

inhibitor Lapatinib (Lap), where Figure 5.10 illustrates significant additive 

effects of Lap on JAM-A silenced groups in gastro-oesophageal cancer cell 

lines in vitro . Using the same method of mean comparison, ESO26 cells 

showed significant reductions of 69 ± 8% in cell viability between siJp + Lap 

treated vs Lap alone (p=0.0133). Significant (p=0.0340) reductions in cell 

viability between siRNA control and siJp + Lap groups (37 ± 7%) confirmed 

that the effect was not due to transfection artefacts. Similar additive effects in 

cell viability loss were observed in JAM-A-silenced N87 cells vs Lap alone with 

significant (p=0.0272) reductions between groups (38 ± 6%).  We also saw 

additive reductions in siJp + Lap treated cells when compared to siNeg + Lap 

treatments (p=0.0308) (21 ± 4%), indicating additive reductions in siJp + Lap 

groups were not due to the transfection process. 

Given that OE19 cells did not respond to either anti-HER2 treatment at the 

24h timepoint, we extended exposure times to both Tras and Lap to 72h. As 

shown in Figure 5.11, the longer treatment with HER2-targeted therapies 

successfully reduced cell viability following JAM-A silencing in OE19 cells.  

While OE19 cells did not exert significant cell viability losses to Tras 

treatments at the given concentrations, there were no significant differences in 

cell viability reductions between any of the groups with Tras treatment. In 

contrast, OE19 cells responded well to Lap treatment. However, as there were 

no differences in reductions to cell viability between siNeg/siJp + Lap treated 

groups, the reduced cell viability response was considered independent of 

JAM-A (Figure 5.11).  
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Figure  5 . 1 1  Res ponsiv e nes s  to HER2 - targete d drugs is not influe nce d 

by J AM - A e x pres s ion in OE 19  ce lls .  OE1 9  ce lls w e re p late d  in  triplica te 

w e lls of 9 6 - well p late s  (5 , 0 0 0 ce lls/w e ll)  a nd  tran sfe cte d  a fte r 7 2h  with  e ith er 

co n trol siRNA (siNeg ) o r p oo le d  siRNA to  JA M - A  (siJp ) (fina l co nce n trat ion 

2 5 n M). A ft e r 7 2h  E SO2 6  a nd  N87  ce lls w e re the n  treate d  w ith  e ith er 

Tra stu zma b  (T ras;  1 0µg / mL ) o r L a p a tin ib (L a p ; 2 µM) fo r a  fu rthe r 7 2h . 

C o n trol c e lls were  trea te d w ith  ma tch ed  veh icle  con trols (VC ;  Tra stu zu ma b 

VC: H 2 O 0. 05 % v/v ;  La pat inib VC: DMSO 0. 02 % v/v). Cell viability w as 

a sse ssed  u sing  A lama r B lue  a ssa y s. E xpe rime n ts w e re pe rforme d  th ree 

time s a n d  d a ta  sh own a s me a n  ± S E M. S tatistica l sign ifican ce  w as te sted 

u sing  p a ire d , tw o - ta iled  S tud en t t - te sts .  (*p<0 .0 5, **p <0.0 1 , ** *p <0.0 0 1 ).  
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5.3.10 JAM-A silencing did not impact HER2 protein expression in a 

s e mi - in viv o  model. 

We next sought to confirm that JAM-A was not regulating HER2 in higher-

order settings, using the semi-in vivo chick embryo model employed in 

previous chapters. In xenografted tumours composed of JAM-A-silenced 

ESO26 cells (siJp) vs control cells (siNeg), tumours and their surrounding 

CAM were immunohistochemically stained for HER2 expression in order to 

examine whether local JAM-A reductions altered HER2 staining patterns. In 

light of the previous discussion around the heterogeneity of JAM-A expression 

in JAM-silenced tumours, and the possibility that a specific threshold of JAM-A 

loss is required before HER2 changes are evident, we chose to visually 

inspect the cases rather than obtain a heterogeneous overall score per 

section.  

No significant loss of HER2 was observed across the tumours extracted from 

siJp compared to control groups. Closer examination of focal areas of JAM-A 

loss across heterogeneous samples revealed no impact on HER2 staining at 

these points. Specifically, HER2 staining remained consistently membranous 

(Figure 5.12), contrasting with earlier (simpler) fluorescent 

immunocytochemistry on the same target areas (Figure 5.8).  
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Figure  5 .1 2 :  J AM - A s ile nci ng e li cited no c ha nges  to HER2 e x pres s ion in 

x e nografts  ex trac ted from the  CAM a s s ay . JAM - A  immu n o h isto ch e mistry 

(IHC) w a s pe rforme d  o n  tu mo u r xe n og raft s w h ich  ha d  b e en  g row n  o n  the 

CAM o f d e ve lop in g  ch ick e mb ryos.  JAM - A - h e te rog en e ou s a rea s w ere 

ide n tified  a n d  JAM - A - low  a rea s w e re ma tche d  to  HER2  e xp ressio n  o f the 

sa me  a rea . Rep resen ta tive  ima g e s (A) s h ow  ma tch e d  a rea s o f sta ined 

se ctio n s, w ith  h e te rog e ne o u s a rea s circled  in b lack a n d spe cific a rea s 

h igh lig h te d  b y red  a rrow s. A ll ima g e s w e re  o b ta ined  u sing  a n  Olymp u s 

CKx4 1  micro sco p e  w ith  Ce ll B  ima g ing  software  a t 2 0 x ma g n ification .  
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5.3.11 Tissue Microarray Analysis of JAM-A in HER2-positive gastro-

oesophageal cancers 

Since JAM-A overexpression had correlated with HER2 positivity and poorer 

survival through online gene expression datasets from gastric cancer patients 

(Figure 5.2), we thought it likely that our in  vitro a nd  semi- in vivo models were 

not capturing the pathophysiological complexities of clinical cases. Therefore 

to independently search for a potential correlation between JAM-A and HER2 

expression in gastric cancer patients, we scored 150 sections from a 174-

primary tumour bank donated by Prof. Karin Jirström (Lund University, 

Sweden) (238). Membranous staining of JAM-A was assessed as either 

absent (0), weak incomplete (1+), weak complete (2+) and strong complete 

(3+); where scores of 0-2+ indicated low/moderate while 3+ indicated high 

JAM-A staining (Figure 5.13). Patient cores were in duplicate, and in the 

event of a discordant score between patient-matched cores, the higher score 

was recorded. The relationship between JAM-A and clinicopathological 

features was then examined using SPSS crosstabulation and χ2 and 

asymptotic significance calculated.  Analysis revealed that JAM-A had no 

significant correlation with overall survival, tumour grade, proliferation (Ki67 

staining), Lauren classification, differentiation or TNM-staging (Table 5.1). 

Furthermore, no significant correlation existed between high JAM-A 

expression and HER2 positivity (Table 5.1). Interestingly, however, significant 

(p<0.05) correlations were seen between JAM-A expression and the primary 

tumour location, showing that high JAM-A levels were significantly likely in 

oesophageal cases than those originating from the stomach. 
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Figure  5 . 13  J AM - A e xpre s s ion does  not c orre la te with HER2  e xpre s s ion 

in a  gas tro - oes ophage a l tiss ue mi croa rray.  JAM - A  immu n o h isto ch e mistry 

(IHC) w a s pe rforme d  o n  4 µ m se ctio n s a cro ss a  TMA  o f g a stro - o e so p ha g ea l 

ca n ce rs to ta lling  1 7 4  pri ma ry tu mo u r ca se s. Me mb ran o u s JAM - A  e xp ression 

w a s sco red  0 , 1 +, 2 +, 3 + b a se d  o n  co mp lete n e ss an d  int en sity o f sta inin g; 

w ith  1 50  sco rab l e  ca se s. JAM - A  resu lts were  sco red in con jun ction  w ith  a 

h isto pa th o lo g ist. S ca le b a r; 20 0 µ m.  
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Tabl e  5 .1 -  Clini c opathologic a l Fea tures  of TMA  wi th k nown HE R2 s tatus. 

A  TMA  o f 1 74  p rima ry  tu mo u rs from g a stro - o e sop h ag e a l ca n ce r pa tie n ts was 

strat ified b a se d o n e ith e r Hig h o r L ow /Mod erate  JAM - A e xp ression  ba se d on 

int e n sity an d  co mp let e n e ss o f JAM - A  me mb ran o u s sta ining . S ta tistical 

analysis was carried out using ɢ2  te st comp a rin g  JAM - A  e xp ression  w ith 

clin icop a tho log ica l p a ra me te rs o n  S PS S  versio n  2 4  so f tw a re. Comp a riso n s 

w e re co n side red  sig n ifica n t a t p <0.0 5.  
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Variable  N  Low /Moderat e  H ig h  P - Val ue  
S ex  1 50  

  
0 .59 6  

Female  
 

2 3  9  
 Male  

 
7 9  3 9  

 O v eral l  S urviv al  1 50  
  

0 .73 5  
Living  

 
2 5  1 3  

 Deceased  
 

7 7  3 5  
 T - S t ag e  1 50  

  
0 .84 3  

1  
 

9  5  
 2  

 
1 8  1 1  

 3  
 

5 7  2 5  
 4  

 
1 8  7  

 N - St ag e  1 50  
  

0 .98 1  
0  
 

2 9  1 5  
 1  

 

2 0  9  
 2  

 
2 8  1 2  

 3  1 50  2 5  1 2  
 M - St ag e  

   
0 .10 7  

0  
 

8 9  4 7  
 1  

 
1 3  1  

 Di ff erenti ati on  1 50  
  

0 .66 4  
High  

 
5  1  

 Moder ately  
 

3 2  1 7  
 Low  

 
6 5  3 0  

 Lauren C l assi ficati on  1 50  
  

0 .35 9  
Intestinal  

 
7 2  3 9  

 Diff us e  
 

2 5  7  
 Mixed  

 
5  2  

 Locati on  1 50  
  

*0. 049  
Oesophagus +  Car dia  

 
6 2  3 7  

 Stomach  
 

4 0  1 1  
 Ki67  1 49  

  
0 .54 5  

0 - 1 %  
 

2  1  
 2 - 1 0%  

 
1 4  4  

 1 1 - 20 %  
 

1 7  1 1  
 2 1 - 50 %  

 
2 9  1 8  

 >50 %  
 

3 9  1 4  
 H ER 2 P osi ti vit y  9 6  

  
0 .39 6  

Ne gative  
 

5 4  2 4  
 Positive  

 
9  4  

 Unspecified  
 

2  3  
 HER2  Positivity  

    JAM - A  Expr ession: Low/Moder ate= 0 -  2 + High = 3 +  
HER2  Positive IHC3 +  
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We also sought to examine whether any changes to JAM-A expression were 

demonstrated between primary tumours and metastases. There was a 

significant correlation between JAM-A expression in primary tumours and 

metastatic lesions in 66 cases, specifically in low/moderate cases. This is an 

important finding given the difficulty of finding viable targets suitable for both 

primary and metastatic forms of the disease (239) and suggests that, perhaps 

irrespective of HER2 status, JAM-A may by itself be a targetable protein in the 

metastatic setting. 

. 

Tabl e  5.2  J AM - A s taini ng c orre la ted i n Prima ry  a nd Me tas tatic Tumours  

±ŀǊƛŀōƭŜ b [ƻǿκaƻŘŜǊŀǘŜ IƛƎƘ t- ±ŀƭǳŜ 
W!a- ! {ǘŀƛƴƛƴƎ ƛƴ aŜǘŀǎǘŀǎŜǎ сс 

  
ϝϝлΦлло 

[ƻǿκaƻŘŜǊŀǘŜ 
 

оу р 
 IƛƎƘ 

 
мо мл 

 W!a- !  9ȄǇǊŜǎǎƛƻƴΥ [ƻǿκaƻŘŜǊŀǘŜҐ л-  нҌ IƛƎƘ Ґ оҌ 

 

However, a significant limitation of the TMA was there was a lack of 

consistency between duplicate cores. We saw that out of 45 cases which were 

classified as being JAM-A-high, 30 of the replicate cores (scored blindly) had 

different scores. In some instances a core within the sample may have only 

received 1+ score, but if its second core received 3+ because there were 

areas of 3+ in the tumour; hence the overall case was rated as having high 

JAM-A expression. Given the diversity between cases in this setting, and 

recent discussions on the importance of intra-tumour heterogeneity in tumour 

progression (239), we were concerned that the lack of consistency across 

duplicate cores meant our JAM-A scoring may not reflect the cancer cases. 

This may explain why we were unable to uncover any correlations between 

JAM-A and HER2 expression.  
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5.3.12 JAM-A expression is extremely heterogeneous in GE cancer 

cases 

In order to test whether JAM-A expression is more reproducibly analysed on 

larger tissue surfaces, we undertook a pilot study using 11 full-face gastro-

oesophageal sections with known HER2 status. Scoring of JAM-A was then 

undertaken in parallel with a clinical histopathologist. Since significant 

heterogeneity of JAM-A staining was displayed across individual cases, a 

specific scoring method was developed in order to best stratify the cases. 

Using a weighted ranking system, sections were given a percentage for each 

score (0, 1+, 2+, 3+) (Figure 5.15) across the tumour within the section. We 

used a weighted ranking system based on the percentage of the scores within 

each case (Table 5.3).  
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Tabl e  5.3 : J AM - A e x pres s ion we ighte d ra nki ng s y stem for 

im munohis toc hem ica l a naly sis  of full - fac e  se c tions. A  no vel w e igh ted 

ran king  syste m w a s d e ve lop e d  in o rde r to strat ify ca se s b a sed o n  JAM - A  

e xp ression  which  was e xtreme ly h e te roge n eo u s a cro ss ca se s. A  pe rcen tage 

o f ea ch  sco re w a s a lloca te d, an d  th at pe rcenta g e weig hte d ba se d on  inte n sity 

a n d  q ua n tity. This w as u se d  to  a ssign  an  ove rall JAM - A  sco re to  ind ivid u a l 

se ctio n s.  

  

Figure  5 . 1 5 :  J AM - A Im munohis toc hem ic a l s taining in gas tro -

oes ophage al  c a nc e r full - fac e  s e c tions. JAM - A  i mmu n o h istoch e mistry  

(IHC) w a s p e rfo rme d  o n  4 µ m se ctio n s a cro ss 1 1  p rima ry ga stro - o e so p ha g ea l 

ca n ce r ca se s. Me mb r a n ou s JAM - A  e xp ression  w a s sco red 0 , 1+, 2 +, 3+ 

b a sed  o n  co mp let e n e ss a n d  inte n sity o f sta ining ; w ith  ea ch  sco re g ive n  a  % 

va lue  fo r e a ch  se ction . JAM - A  resu lts w e re  sco red  in co n jun ctio n  w ith  a 

h isto pa th o lo g ist.  

 

 



161 

 

 

 

  



162 

 

Tabl e  5 .4 : J AM - A s t a ining s ignific a ntly  c orre la te s  wi th HER2  s tatus in 

gas tro - oes ophagea l c a ncer full - fac e  S e c tions.  Full - fa ce  se ctio n s o f g a st ro -

o e sop h ag e a l can ce r pa tie n t tissu e  (n=1 1 )  were strat ified  b a se d  on  e ith e r Hig h 

o r L ow /Mod e rate  JAM - A  e xp ression  ba se d o n  inte n sity a nd  co mp let e ne ss of 

JAM - A membranous staining. Statistical analysis was carried out using ɢ2  te st 

co mp a rin g  JAM - A  e xp ression  w ith  clin ico pa th o lo g ical pa rame te rs o n  SP SS 

ve rsio n  24  so ftwa re. Co mp a riso n s w e re  co n sid e red  sig n ifican t at p <0 .0 5.  

Var i abl e  N  Low / Moder ate  Hi g h  P - Val ue  
T - Stag e  1 1  

  

0 .4 97  
1  

 

0  1  
 2  

 

0  0  
 3  

 
4  3  

 4  
 

2  1  
 N - Stag e  1 1  

  

0 .2 46  
0  

 

2  3  
 1  

 

1  1  
 2  

 

3  0  
 3  

 

0  1  
 Di ffer enti ati on  1 1  

  

0 .3 82  
High  

 

0  0  
 M o derately  

 

0  1  
 L ow  

 

3  3  
 Bo th M o derately/ Lo w  

 

3  1  
 Laur en C l ass i fi c ati on  1 1  

  

0 .5 47  
Inte stinal  

 

3  2  
 D iffuse  

 

2  2  
 M ixed  

 

1  0  
 Loc ati on  1 1  

  

0 .0 88  
OG Junctio n + L esser Curvature  

 

4  0  
 Gastric Bo dy  

 

0  2  
 Gastric Bo dy +  L esser Curvature  

 

0  1  
 OG Junctio n  

 

0  1  
 OG Junctio n and Gast ric  

 

1  0  
 Gastric Cardia  

 

1  0  
 Gastric P y lo rus  

 

0  1  
 HER2 Positiv ity  1 1  

  

** 0. 00 6  
Negative  

 

5  0  
 P o sitive  

 

1  5  
 Unspecified  

 

0  0  
 JAM - A  Ex pressio n:  L ow/Mo derate=  0 -  2 + High = 3+  

HER2  P ositive IHC3 +,  O G = Oe so phageal Gastric  
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Having assessed the evident heterogeneity of JAM-A staining across full-face 

sections (Figure 5.16), we were able to further investigate whether JAM-A 

intensity correlated with a number of limited clinicopathological features. While 

JAM-A intensity saw no correlation with T and N staging, Differentiation, 

Lauren classification or localisation of tumour, statistically significant 

correlations were noted between JAM-A intensity and HER2 positivity (Figure 

5.17; χ 2 test, p<0.01). We also analysed this dataset using Fisher’s-exact test 

and observed that 100% of HER2-negative cases had low/moderate JAM-A 

staining; whereas 83% of HER2-positive cases had high JAM-A expression 

(Figure 5.18; p=0.0152). 

  

Figure  5 . 1 8 : High JAM - A e x pre s s ion in gas tro - oes ophagea l c a nce r 

c a se s  c orre la tes  with HER2  posi tivi ty. JAM - A  e xp ression  in  e leven 

p rima ry tu mo u rs from gastro-oesophageal ca n ce r pa tie nts w a s co rre lat ed 

w ith  HER2 sta tu s, ba se d  on  e ithe r h igh  o r low /mo d e rate JAM - A  e xp ression. 

Statistical analysis was carried out using ɢ2  te st co mp a rin g  JAM - A 

e xp ression  w ith  clinicop a tho log ical pa rame te rs on  S P SS  ve rsio n  24  so ftw a re. 

Comp a riso n s w e re co nside red  sign ifican t a t *p <0 .0 5, **p <0 .0 1 , ** *p<0 .0 0 1.  
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5.4 Discussion 

JAM-A has recently been highlighted as a regulator of HER2 expression in 

breast cancer settings (100). Our group has also recently highlighted JAM-A 

as a potential treatment target using an in  vivo  DCIS mouse model (Yvonne 

Smith, personal communication). Hence we hypothesised that, in HER2-

overexpressing gastro-oesophageal cancers, JAM-A may also play an 

important role. We selected three HER2-positive gastro-oesophageal cancer 

cell lines and tested to see whether alterations to basal JAM-A expression 

(both loss and gain) could induce mirrored changes in HER2 expression, as 

previously described in breast cancer cell lines.  

There was no uniformly-consistent response in any cell line, with HER2 

expression fluctuating even within biological replicates. Hence, we could 

provide no concrete evidence proving that JAM-A regulates HER2 expression 

in the gastro-oesophageal cancer setting. However, considering the 

discussion in Chapter 4 regarding the ability of JAM-A to impact a myriad of 

downstream targets, including those of the cytoskeleton, it is possible that the 

changes to HER2 documented may be consequential, and reflect cytoskeletal 

changes induced by JAM-A loss.  

One thing which can be taken from these studies is that it is important to 

consider varied responses between cancer cell lines in vitro . Perhaps, had 

other cell lines been selected, we may have replicated the responses we 

expected based on prior evidence gathered in breast cancer settings. Model 

selection may also explain the discrepancies already existing in the literature 

prior to this study, showing conflicting roles for JAM-A as being either 

protective or a driving factor in cancer progression. Though this may offer an 

explanation for discrepancies between cancer types (100, 122, 124, 126, 127, 

131, 133), it offers a wider commentary on the use of single in vitro models as 

validation of mechanisms within cancer types. 

Overexpression of JAM-A across all three cell lines did show a trend for HER2 

expressional levels to increase, though this was not statistically significant. 
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This may reflect a limitation of the model (240, 241). It is possible that more 

efficient techniques, and perhaps longer time points (given the slow growth of 

these cell lines) may elicit more convincing results. For example, stable 

transfections of JAM-A using crispr-cas9 methods may reveal more consistent 

increases to downstream proteins (241, 242). Of note, stable transfections 

were attempted for the purposes of this thesis, however attempts to develop 

successfully JAM-A-overexpressing or -mutated cell lines were unsuccessful 

and could not be included in this body of work.  

If HER2 changes were indeed dependent of JAM-A increases (rather than 

loss), as in the breast tumour setting, this may suggest that an intermediary 

protein(s) is responsible for JAM-mediated regulation of HER2 expression 

(rather than direct regulation by JAM-A of HER2). In support of this 

hypothesis, publicly-available gene expression data revealed a significant 

correlation between JAM-A and HER2 positivity in gastric cancers. It is 

possible that JAM-A acts upstream of HER2 in these cases; either directly or 

indirectly. It is also conceivable that intermediary proteins may regulate HER2 

downstream of JAM-A signalling. If this were to be true, then the intermediary 

proteins themselves could potentially act as novel therapeutic targets.  

Since JAM-A has been shown previously to induce apoptotic priming in cells 

(127) as well as in this  thesis, we showed that JAM-A silencing in gastro-

oesophageal cancers potentiates the cell viability deficits induced by HER2 

targeted therapies. It also suggested that, irrespective of the role of JAM-A in 

individual cancer cell lines, its loss always ‘primed’ apoptotic responses. This 

was specifically highlighted in the OE19 cell line responses to both ActinoD 

and Lapatinib following JAM-A silencing. This is an exciting finding, as it 

suggests that JAM-A targeting may have a significant effect in gastro-

oesophageal HER2-positive cancers resistant to HER2-targeted therapies, 

whereby targeting JAM-A could see cancers re-sensitize to apoptosis-inducing 

therapies. This would also be exciting to test across a series of resistant 

cancer types, and not just in HER2 cases, as JAM-A is known to be 

ubiquitously expressed across epithelial and endothelial cells (110, 208). 
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Since molecular analysis revealed no direct regulation of HER2 by JAM-A we 

hypothesised that immunohistochemical studies may reveal correlations 

between the JAM-A and HER2 expression in gastro-oesophageal cancers. 

Analysis of a 174 primary tumour TMA did not reveal any significant 

correlations between JAM-A expression and clinicopathological features; with 

the exception of location, where high JAM-A expression occurred more 

frequently in oesophageal than gastric cancers. Although this was surprising, 

we feel the work illustrates an extremely important commentary on the use of 

TMAs for validating proteins known to be expressed heterogeneously. We 

were able to show correlations between JAM-A and HER2 expression in full-

face sections when heterogeneity levels were accurately assessed, which 

correlated with gene data available online, but this correlation had not been 

demonstrated through TMA analysis. It seems even more essential that 

heterogeneity is accounted for in any validation study; in order to capture the 

most information available about a given protein in specific tissues and to 

relay the recent importance being placed on intra-tumour heterogeneity and 

the role it may play in disease pathogenesis (239). Hence, we developed a 

novel weighted ranking system which quantified the level of JAM-A staining 

intensity present based on visual assessment of the amount (%) of 1+. 2+. 3+ 

staining. Each % score was then weighted; each % of 1+ given 0.25, each % 

of 2 given 0.5, each % of 3+ given 1. We then assessed overall intensity by 

ranking weighted scores as either low (<33%), moderate (33-66%), or high 

(>66%). Once overall scores had been allocated, we re-examined sections 

and tested whether our assessment had accurately captured JAM-A 

expression for the case. To our knowledge, this is the first example of a 

weighted ranking assessment method for heterogeneous proteins. 

Overall, we speculate that JAM-A reductions do not directly impact HER2 in 

this cancer setting, however JAM-A overexpression may play a role in the 

indirect increases in HER2 via intermediary protein(s) which could act to 

increase HER2 stabilisation. HSP90, a known regulator of HER2 (229), may 

be one potential candidate in this setting. Previous work by our group did 

examine whether HSP90 inhibition could alter HER2 expression in JAM-A 
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silenced breast cancer cells. However the results suggested that JAM-A 

regulated HER2 independently of HSP90, since HER2 reductions were 

additive under combination treatments (data not shown). It is also conceivable 

that this proposed intermediary protein(s) is inconsistently unaffected by JAM-

A loss, explaining the variations in HER2 expressional responses detailed in 

this thesis. However, given that JAM-A has the ability to prime apoptotic 

activation, it may be a potentially useful player in drug-resistant settings and a 

potential candidate for developing targeting treatments. 
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Chapter 6 Elucidating the role of JAM-A in 

regulating other RTKS 
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6.1 Introduction 

Receptor tyrosine kinases (RTKs) are crucial players in diverse cellular 

processes. They have many physiological roles, activating downstream 

signalling cascades that drive cell growth, differentiation, motility and 

metabolism (243, 244). However aberrant expression of RTKs through 

hyperactivation or dysregulation has also been associated with many 

pathophysiologies including cancer progression (243). In general, RTKs are 

activated by ligand presentation which induces dimerization, 

autophosphorylation and downstream signalling (243, 245). This process is 

tightly regulated by several different mechanisms including negative regulation 

by ligand antagonists, switching off autophosphorylation via tyrosine 

phosphatases, and receptor endocytosis leading to lysosomal degradation 

(244).  

In cancer, RTKs have been found to undergo chromosomal translocation, gain 

of function mutations, overexpression or autocrine activation resulting in 

aberrant expression driving pathogenesis (244, 245). The role of the RTK 

HER2 has been discussed in previous chapters of this thesis, however 

dysregulation of many other RTKs has also been highlighted as playing roles 

in cancer progression. 

As previously discussed, HER family members have long been implicated in 

breast cancer and more recently gastro-oesophageal cancers (32, 70, 82, 

238, 246-257). However HER3 is increasingly being recognised as a 

prominent driving force in breast cancer progression by virtue of its ability to 

act as the most potent signalling partner of HER2. Like HER2, HER3 is 

activated through heterodimerisation and phosphorylation of its tyrosine 

kinase domain. Unlike HER2, however, HER3 lacks an intracellular protein 

kinase domain, and hence relies on other HER family members for activating 

downstream signalling events (258).  

HER3 overexpression is thought to occur in ~10% of breast cancer patients 

and its aberrant expression has been reported in ~12% of gastric cancers 
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(255, 259, 260). HER3 has also been linked with poor survival in gastric 

cancers, where its expression significantly associated with invasion and 

progression of tumours as well as more aggressive phenotypes such as 

metastasis and recurrence (246, 250). Interestingly, HER3 has been shown to 

play a role in Trastuzumab resistance in oesophageal tumours. In one study, 

ADAM-10 dependent release of the HER3 ligand heregulin was increased in 

response to Trastuzumab therapies, promoting HER3 signalling and 

downstream activation of AKT in a classic tumour progression pathway (261). 

The same mechanism of resistance conferral has also been established in 

lapatinib-resistant gastro-oesophageal cancers (262). Given the recent report 

by our laboratory that ADAM-dependent release of cleaved JAM-A (cJAM-A) 

also acts as a biomarker in patients resistant to HER2-targeted therapies 

(208), it is exciting to speculate that JAM-A may also play a role in gastro-

oesophageal cancer resistance via HER3 activation.  

Our group has also recently highlighted a novel mechanism where JAM-A 

regulates HER3 via expressional changes in FOXA1 (Rodrigo Cruz, personal 

communication). FOXA1 is a transcription factor which has been shown to 

bind to the promoters of many genes, including HER3 (263). Aberrant 

overexpression of FOXA1 has been demonstrated in oesophageal tumours 

(264). Our group has highlighted a linear mechanism of HER3 regulation by 

JAM-A in breast cancer cells involving modulation of β-catenin cellular 

location, which in turn influences β-catenin localisation in the nucleus and its 

consequent activation of FOXA1 transcription  (Rodrigo Cruz, personal 

communication). If the same mechanism were active in gastro-oesophageal 

cancers, it may suggest novel therapeutic targets in both HER3- 

overexpressing cancers as well as in cancers resistant to HER2-targeted 

therapies induced through aberrant HER3 activation. But first a pathway of 

regulation between JAM-A and HER3 must be established in gastro-

oesophageal cancers 

While HER3 provides a rational target for investigation downstream of JAM-A 

expressional changes, accumulating evidence suggests that JAM-A may also 

regulate RTKs independent of the HER family. For example, unpublished 
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preliminary data from our laboratory has uncovered a potential role for JAM-A 

in regulating EphB4 expression in breast cancer (Sri Vellanki, personal 

communication). EphB4 belongs to the largest family of RTKs and binds to the 

ligand EphrinB2, driving downstream physiological and pathophysiological 

angiogenic, proliferative and migratory phenotypes (265). Interestingly, like 

JAM-A, overexpression is not the only reported mechanism for oncogenic 

signalling from EphB4; and accordingly its loss has also been linked with 

tumorigenesis in some settings (266). This may suggest a threshold or 

‘molecular switch’ expression role as we suspect of JAM-A.  

EphB4 expression has been shown to correlate with tumour grade in breast 

cancers (267) and worsened prognosis in gastric cancers (268), hence we 

hypothesise that JAM-A may play correlate with EphB4 gene expression and 

potentially correlate with JAM-A expression levels in patient tissues.  
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6.2 Aims of this Chapter 

The primary aim of this chapter was to elucidate whether JAM-A is involved in 

the expressional regulation of RTKs other than HER2 in gastro-oesophageal 

cancers. The specific aims were as follows: 

Specific Aim 1: To determine whether JAM-A silencing regulates HER3 or 

EphB4 gene expression in gastro-oesophageal cancer cell lines; 

Specific Aim 2: To examine whether JAM-A expression correlates with HER3 

or EphB4 expression in tumour tissue from gastro-oesophageal cancer 

patients; 

Specific Aim 3: To elucidate whether downstream linear pathways of 

regulation of HER3 by JAM-A through FOXA1 and β-catenin were evident in 

gastro-oesophageal cancers, as previously found in breast cancer cell lines.  
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6.3 Results 

As described in preceding chapters, the simple relationship between JAM-A 

and HER2 which we previously reported in breast cancer (100) does not seem 

to hold true in gastro-oesophageal cancers. In light of unpublished screening 

data from our laboratory suggesting that JAM-A regulates RTKs other than 

HER2, we first wanted to investigate if a relationship between HER3 and JAM-

A could be established in the gastro-oesophageal cancer setting.  

6.3.1 JAM-A and HER3 gene expression do not correlate in gastro-

oesophageal cancer cases. 

We first tested if there was any correlation between gene expression levels of 

JAM-A, HER3 and prognosis in gastric cancer patients, using an open-access 

online tool (https//:kmplot.com) (140). 



174 

 

 

 

 

 

 

 

 

 

 

 

Figure  6 .1 : High c o - e x pre ss ion of J AM - A a nd HER3  mRNA does  not pre dic t 

poor prognosi s  in gas tric c a nc e r patients.  K ap lan - Me ier P lot  p lat fo rm 

( h tt p ://kmp lot .co m/a n a lysis/ ) w a s u se d  to  ge n e rate  su rviva l cu rves co rre lat ing 

JAM - A  a n d  HER3  e xpression  in g a stric ca n ce r p a tie nts.   Usin g  F11R a n d  E rbB3  

jet se t p rob e  (exclud ing  GS E6 2 25 4  a s recomme n d e d ) reve a led  n o  sign ifican t 

co rre lat ion s b e twee n F11 R an d  E rbB 3 mR NA e xp ression  w ith worse n ed  o ve rall 

su rviva l (A),   r isk o f p rog ression  (B ) o r p o st - p rog ression  (C). X e n a b ro w se r 

p lat fo rm ( h tt p s:/ /xe nab row se r.ne t/ ) was u se d  to  g en e rate  a  sca tt e r p lo t (D) 

sh ow ing  co rre lat ion s  b e twe en  JAM - A  a n d  HER3  mRNA  e xp ression  in 

g a stroe so ph a ge a l ca nce r p a tie nts.  Usi n g   F1 1 R a nd  E RBB 3  g e nes a s va ria b les 

in  th e  TCGA  S to ma ch  Can ce r coh o r t  reve a le d  a  sig n ifican t po sitive co rre lat ion 

(D).  

 

 

 

 

http://kmplot.com/analysis/
https://xenabrowser.net/
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As shown in Figure 6.1, there was no significant association between JAM-A, 

HER3 and patient prognosis in this setting. However, surprisingly there was 

evidence that low levels of both JAM-A and HER3 correlated at gene level 

(r=0.6, p=<0.001), hence we next investigated whether any linear regulatory 

relationship between JAM-A and HER3 existed at protein level in gastro-

oesophageal cancers. 

6.3.2 JAM-A protein expression correlates with low HER3 expression in 

a cohort of gastro-oesophageal cancer cases  

To uncover whether JAM-A and HER3 protein expression was correlated in 

gastro-oesophageal cancer cases, a second TMA of 166 patients was kindly 

donated to us by Dr. Karin Jiström (Lund University, Sweden) with available 

data on HER3 expressional changes in gastro-oesophageal cancers pre- and 

post-treatment with pre- and post-neoadjuvant chemotherapies (251). This 

TMA was stained for JAM-A in a cohort of 144 patients, 83 of which were 

successfully scored with the assistance of a clinical histopathologist (Dr. Kathy 

Sheehan, RCSI). As previously described, JAM-A staining was scored based 

on the intensity and continuous membranous staining of JAM-A as follows: no 

staining (0), weak and incomplete membranous staining (1+), weak and 

complete staining (2+) and strong and compete staining (3+). Cases were 

grouped as Low/Moderate (0-2+) or High (3+) JAM-A expression, and 

correlated with clinicopathological features of each case. Statistical 

significance was tested using χ2 tests in conjunction with Fisher’s exact tests.  
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Tabl e  6.1 : Tis s ue Mic roa rray  Analy s is  of J AM - A in gas tro - oes ophage a l 

c a ncers  with k nown HER3  ex pre ss ion s tate outc ome . A  TMA  o f 1 6 6 

p rima ry tu mo u rs from g a stro - o e so ph a ge al ca n ce r p a tien ts w as strat ified 

b a sed  o n  e ith e r Hig h  or Lo w /Mod e rate  JA M - A st a inin g  e sta b lishe d  on  in te n sity 

a n d  co mp let e n e ss o f JAM - A  me mb ran o u s sta inin g. S ta tistica l ana lysis w as 

carried out using ɢ2  test co mp a rin g  JAM - A  exp ression  w ith  clin icopa th o lo g ical 

p a rame te rs o n  S P SS ve rsio n  24  softw a re. Comp a riso n s w e re co n side red 

sign ifican t if p <0 .0 5 .  

 

Consistent with observations in our previous TMA, there was no correlation 

between JAM-A expression and overall survival, TMN staging (post-

operatively assessed in this TMA), differentiation, location or Lauren 

classification in this cohort of gastro-oesophageal cancers. However, χ2 

testing revealed a correlation between JAM-A expression and patient age, 

where patients under 65 were more likely to demonstrate low/moderate JAM-

A staining. Further analysis using Fisher’s exact test (two-tailed) confirmed 

that statistical significance was retained for high JAM-A expression in older 

patients (Figure 6.2; p<0.01). Surprisingly, we also noted a statistically 

significant correlation between JAM-A and HER3 expression by χ2 test (Table 

6.1). However post-test analysis of the Fisher’s exact test revealed that the 

correlation was no longer statistically significant. However there was 

nonetheless a trend for cases high in HER3 levels to have low/moderate JAM-

A expression (Figure 6.2). Importantly, the number of patient cases that could 

be appropriately correlated for HER3 and JAM-A expression was only 30,and 

hence may not offer a wide enough scope to accurately correlate JAM-A and 

HER3 expression in gastro-oesophageal cancers. 

  



178 

 

 

 

 

 

 

 

6.3.3 Elucidating whether JAM-A regulates HER3 in gastro-oesophageal 

cancer cell lines 

In view of HER3 overexpression correlating best with low/moderate JAM-A 

and a lack of correlation between JAM-A/HER3 patient gene expression data, 

it seemed unlikely that JAM-A was regulating HER3. Nonetheless, to complete 

the story, we examined whether HER3 levels were regulated by those of JAM-

A (as in breast cancer cells). We first established the expression levels of 

HER3 in our panel of three gastro-oesophageal cancer cell lines using 

immunohistochemistry of cell pellets. As illustrated in Figure 6.3, ESO26, N87 

and OE19 expressed similar levels of HER3 (3+).   

Figure  6.2:  High JAM - A ex pres si on in gas tro - oes ophageal ca ncers  

c orre la te s  with a ge and trends  towa rds low HER3  ex pre ss ion. A  g a s tro -

o e sop h ag e a l ca n ce r TMA  o f 16 6  pa tien ts w as sta ined  fo r JAM - A  e xp ression. 

The  a sso ciat ion  b etwee n  JAM - A  e xp ression a n d  clin icop a th o log ical va ria b les 

w a s d e te rmine d  b y ɢ2  te stin g . A symp to tic sign ifican t co rre lat ion s were fu rthe r 

tested by Fisherôs exact test fo r b o th  a g e o f p a tien ts (<6 5 /65 +) (A) , a n d 

HER3  e xp ression  (B). S ta tistica l sign ifican ce  **p <0 .0 1.  
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Since our gastro-oesophageal cell lines had strong HER3 expression, we next 

sought to examine whether JAM-A silencing could alter HER3 expression in 

gastro-oesophageal cancer cell lines, mirroring the work carried out in breast 

cancer cell lines.   

Figure  6 .3 : J AM - A a nd HER3  e x pre ss e d in pane l of gas tro - oes ophage al 

c a ncer ce ll  line s.  Formalin- fixed cell pellets from ESO26, N87 and OE19 

gastro- oesophageal cell lines were paraffin- embedded and 

immunohistochemically stained for JAM- A and HER3 to assess their basal 

expressional levels (A). Staine d se ction s were  ima g e d  a nd  fo rma tt ed  u sing 

Qu p ath  so ftw a re a t 9 .66 x ma g n ificat ion.   
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Figure  6 .4 :  J AM - A  s il e nci ng does  not a lter  HER3  prote in ex pre s s ion. 

G a stro - o e so p ha ge a l  ca n ce r ce ll lin e s were  p lat ed  a t 2 x10 5 in 6 - well p lat e s . 

Follo w ing  o ne  do ub lin g  time , ce lls w e re tran sien tly tran sfe cte d  for 9 6 h  w ith 

e ith e r co n trol, n on - ta rge tin g siRNA (siN e g ) o r a  p o o l o f siRNA ta rge ting  JAM -

A  (siJp ) .  S a mp les w e re immu n o b lot te d  a s follo w s : E SO2 6  (A) , N87  (B) , a n d 

OE 1 9 (C) . Den sito me try w a s p e rfo rme d  relative to a ctin a s a  loa d ing  con trol ;  

a n d  g rap h s d ispla yed  a re sh ow n  relative  to  siN e g :  E S O2 6  (D,G ) , N87  (E,H) , 

OE 1 9  (F , I ) . E xp e rime n ta l d a ta  (n=3  inde pe n de n t e xp e rime n ts ) a re sh ow n  as 

me a n  ± S E M. S tatistica l a n a lysis w a s co mp let ed  u sing  two - ta iled  u np a ired 

S tudentôs t- test s (*p <0.05 , * *p<0.01,  ***p<0.001 ).  
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Since breast cancer cell lines used for the initial study of this mechanism have 

faster growth rates, we extended the transfection time from 72h to 96h to 

account for the slower growth of gastro-oesophageal cancer cell lines. Despite 

significant reductions to JAM-A across all three JAM-silenced cell lines 

(ESO26 by 44 ± 16%, p<0.05; N87 39 ± 7%, p<0.01; OE19 56 ± 17%, p<0.05) 

there were no significant changes induced in HER3 protein expression 

(Figure 6.4). Considering the slow growth of these cells, and their preference 

for clustering, we speculate that changes would not be demonstrated at 

protein level following transfections at this early stage. We therefore examined 

mRNA expression of HER3 at the same timepoint across all three gastro-

oesophageal cell lines following JAM-A silencing.  

We saw no significant changes in HER3 mRNA levels secondary to JAM-A 

silencing, despite large increases in HER3 mRNA levels in some ESO26 

replicates (Figure 6.5). The outcome of this mirrored result in previous 

chapters; where the modulation of JAM-A levels induced variable results 

across biological replicates and cell lines, a feature we ascribe to a predicted 

“molecular switch” involving threshold levels of residual JAM-A expression 

remaining after gene silencing. 
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Figure  6 .5 :  J AM - A sil e nci ng doe s  not alter HER3  mRNA  e xpre s s io n. 

Ga stro - o e so p ha ge a l ca n ce r ce ll lin e s w e re p la te d  at 2 x1 0 5 ce lls/we ll i n  6 - w e ll  

p lat e s. Fo llo w ing  o ne  d o ub lin g  pe rio d , ce lls w e re tran siently tran sfe cte d  fo r 

9 6 h  w ith e ithe r co n tro l, n on - ta rgetin g  siRNA  (siN e g ) o r a  po o l o f siRNA 

ta rge ting  JAM - A  (siJp ) s iRNA.  Qu a n titative  rea l time  P CR w a s th en 

p e rforme d  a s fo llo w s : E S O26  (A , C ) , N87  (B ,D ) . Ct va lue s o f sa mp les were 

se t relat ive to  ma tch ed  Ct va lue s o f th e  hou se kee p ing  g e ne  RPLP 0 . Data 

from th ree  ind e pe n de nt e xp e rime n ts a re sh ow n  (disp laye d  a s me a n  ±  S E M),  

a n d  u np a ire d, two - tailed Studentôs t- tests w e re u se d  to  te st fo r sta tistical 

sign ifican ce.  (*p<0.0 5 , **p <0 .0 1, ***p <0 .00 1 ).   
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6.3.4 JAM-A and FOXA1 overexpression predicts poor outcomes for 

gastro-oesophageal cancers 

Since the unpublished linear relationship between JAM-A and HER3 in breast 

cancer involved intermediary proteins FOXA1 and β-catenin (Rodrigo Cruz, 

personal communication), we next sought to establish whether JAM-A could 

influence their expression or localisation as a way of regulating protein 

pathways beyond the HER family. 

First we therefore tested a correlation between FOXA1 and JAM-A gene 

expression in gastric cancers (140). 

 

 

 

 

 

 

 

 

 

 

 

As shown in Figure 6.6, concurrent high gene expression of both JAM-A and 

FOXA1 significantly correlated with poorer overall survival, shorter time to first 

progression and shorter post-progression survival in gastric cancer patients. 

Since JAM-A/HER3 regulation did not appear to exist in gastro-oesophageal 

Figure  6. 6: High co - ex press ion of JAM - A and FOXA1 mRN A predicts 

wors e ned s urv iva l in gas tric  c a nc e r patients . K a p lan - Me ier P lot p lat fo rm 

( h tt p ://kmp lot .co m/a n a lysis/ ) w a s u sed  to  g e ne rate  su rviva l c u rves co rre lat ing 

JAM - A  a n d FO X A1  e xp ression  in g a stric can ce r pa tie n ts.  Using  F11 R  and 

FOX A 1  je tse t p rob e  ( e xclud ing GSE 6 22 54  a s reco mme n d e d )  reve a led no 

sign ifican t co rre lat io n s b e twe en  F11 R a n d  FOX A 1  mRNA  e xp ression  w ith 

w o rsen e d  o ve rall su rviva l (A) ,   risk  o f p rog ression  (B) o r  p o st - p rog ression 

(C).  

 

 

http://kmplot.com/analysis/
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cancers, we hypothesised that the correlation between JAM-A and FOXA1 

may be indicative of a regulatory role beyond the scope of HER3 signalling. 

To investigate this in gastro-oesophageal cancers, we set out to explore 

whether JAM-A silencing impacted FOXA1 gene expression as it does in 

breast cancer cells. 

6.3.5 JAM-A silencing does not influence FOXA1 expression in GE 

cancer cell lines 

Having hypothesised that JAM-A levels in cells determined those of FOXA1 in 

gastro-oesophageal cancer cells, we examined the gene expression levels of 

FOXA1 in two gastro-oesophageal cancer cell lines following JAM-A silencing. 

As shown in Figure 6.7, JAM-A silencing did not significantly alter FOXA1 

mRNA expression in either ESO26 or N87 cells. Interestingly, however, 

FOXA1 levels were greatly increased (with large standard deviations) in 

ESO26 cells, suggesting that the linear relationship highlighted in the breast 

cancer setting is not valid in the gastro-oesophageal cancer setting. Since 

FOXA1 increases were demonstrated in one cell line, we hypothesised that 

FOXA1 may increase as a compensatory mechanism following JAM-A loss, 

rather than via direct JAM-A-mediated regulation of FOXA1.  Either way, it 

suggests that specifically targeting JAM-A to reduce FOXA1 in gastro-

oesophageal cancers would prove to be unreliable in this cancer type. 
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Figure  6.7:  JAM - A si le nci ng incre ases FOXA1 mRNA  expre ssi on. 

Ga stro - o e so p ha ge a l ca n ce r ce l ls were  p lat ed  a t 2 x1 0 5  in 6 - w e ll p la te s and 

a llo w ed  to  u nd e rgo o n e  d o ub lin g  time  b e fo re ce lls w e re tran sien tly 

tran sfe cte d  w ith  e ith er n o n - ta rge ting  siRNA (siNeg ) o r JAM - A ta rgeting 

siRNA p o o l (siJp ) ( fin a l co n cen trat ion  2 5nM). RNA  w a s e xtrac te d ,  cDNA 

g e n e rated  a nd  q RT - P CR p e rforme d  to  de te rmine  HER2  e xp re ssion  for 

E S O26  (A) N87  (B)  a n d  OE1 9  (C)  ce lls. Ct va lue s o f sa mp les w e re set 

relat ive to  ma tch e d  Ct va lue s o f th e  ho u seke e p ing  co n trol g en e  (RP L P 0 ). 

A n a lysis of th ree indep e nd e n t e xp e rime n ts w a s d ispla ye d a s mea n  ±  S E M 

a n d  sta tistica lly co mp a red  u sin g  un p a ired , two - tailed Studentôs t- tests.  

(*p<0. 0 5 , ** p <0 .0 1 , ***p <0 .0 01 ).  
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To further validate this, we tested to see whether the next protein in the 

proposed regulatory pathway; β-catenin; was also impacted by JAM-A 

silencing in gastro-oesophageal cancer cells. As shown in Figure 6.7, 

significant JAM-A mRNA reductions in both ESO26 and N87 cell lines did not 

impact β-catenin levels.  

6.3.6 JAM-A does not alter ɓ-catenin localisation in gastro-oesophageal 

cancer cells 

Since β-catenin localisation is more important than expression levels for 

influencing gene transcription, we also wanted to uncover whether JAM-A 

silencing could change influence β-catenin localisation within gastro-

oesophageal cells. We wanted to ensure that, since JAM-A was not directly 

influencing FOXA1 levels, another transcription factor was not being favoured 

over FOXA1 in gastro-oesophageal cancers.  

There was no evidence to suggest that JAM-A was regulating pathways in the 

same manner demonstrated previously in breast cancer cell lines, therefore 

we ruled out any regulation of FOXA1 or β-catenin by JAM-A. If JAM-A loss 

could increase FOXA1 protein levels in some, but not all, gastro-oesophageal 

cancers, it may not attenuate the proliferative natures of gastro-oesophageal 

tumours as we had hoped.  

Since our work involving HER family members had evidently highlighted a 

differential role for JAM-A in gastro-oesophageal cancers compared to the one 

our group has played a part in establishing for breast cancer, we finally 

examined another RTK known to be upregulated in some cancers with some 

preliminary evidence of crosstalk with JAM-A in the breast cancer setting.  
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6.3.7 JAM-A and EphB4 overexpression correlates in pilot study of 

gastro-oesophageal cancer cases 

Using the same 11 gastro-oesophageal cancer cases discussed previously in 

this thesis (Chapter 5.3.12), full-face sections were stained for EphB4 and 

correlated with both clinicopathological features and with JAM-A staining.  

  

Figure  6 .1 0 : E phB4 im munohis toc hem ic al s taini ng in gas tro -

oes ophage al ca nce r. E p hB 4  immu n o h isto ch e mistry (IHC) w a s p e rforme d 

o n  4 µ m  fu ll - fa ce  se ctio n s a cro ss a  se rie s o f g a stro - oe so ph ag e a l  ca n ce rs 

to ta lling  1 1  p rima ry t u mo u r ca se s. Me mb ran ou s E ph B 4 e xp ression  was 

sco red  0 , 1 +, 2 +, 3 + b a sed  on  co mp let e ness a n d inte n sity o f stainin g  w ith 

e a ch sco re g iven % fo r e a ch se ctio n . JA M - A  resu lt s were  sco red  in 

co n jun ctio n  w ith a  h isto p a th o log ist.  
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Sections were scored in the same way previously described for JAM-A IHC, 

with either no (0) weak and incomplete (1+), weak and complete (2+), or 

strong and complete (3+) staining being categorised into either Low/Moderate 

(0-2+) or High (3+) EphB4 staining. Scores were then correlated with the 

limited clinicopathological data available for the cohort. 

As illustrated in Table 6.2, no significant correlations were noted between 

EphB4 staining and T or N staging, differentiation, Lauren classification or 

tumour location. Intriguingly, however, each case correlated identically with 

JAM-A expression for both low/moderate and high scoring cases. While this 

may be a coincidental upregulation of aggressive tumour-promoting proteins 

with no direct causation, the 100% overlap was nonetheless interesting. 

Furthermore, as had been demonstrated with the JAM-A expression, EphB4 

staining also correlated significantly with HER2 positivity in this small 11-

patient cohort.  
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Tabl e  6 .2 : E phB4  ex pre ss ion c orrela ted wi th J AM - A e x pre ss ion a nd 

HER2  posi tivi ty in gas tro - oes ophage a l c ance r. Full - fa ce  se ctio ns o f g a stro -

o e sop h ag e a l can ce r pa tie n ts (n=1 1 )  were  stratifie d  b a se d  o n  e ithe r Hig h  o r  

L ow /Mode rate E ph B 4 e xp ression. Statistical analysis was carried out using ɢ2  

te st co mp a rin g  Ep h B4  e xp ression  w ith  clin icop ath o log ical pa rame te rs o n 

S P S S  ve rsio n  24  soft ware . Comp a riso n s w e re co n side red  sig n ificant at 

p <0 .0 5.  
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We next extracted the significantly correlated data sets and conducted further 

analysis using Fisher’s exact tests (Figure 6.11). In support of Table 6.2, 

JAM-A and EphB4 expression correlated significantly with each other (Figure 

6.11; p<0.01); suggesting a possible mirrored response in gastro-oesophageal 

cancers to the emerging relationship our group has noted in breast cancer 

cells. Furthermore, significant correlations were highlighted between HER2 

positivity and EphB4 expression (Figure 6.11; p<0.05).  
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6.3.8 JAM-A increases EphB4 mRNA expression 

In an attempt to establish whether this correlation was directly related to JAM-

A expression levels, we silenced JAM-A as previously described and 

assessed downstream consequences for EphB4 expression in gastro-

oesophageal cancer cell lines. Surprisingly, we did not see results that 

supported our earlier work in tissues for gastro-oesophageal cancer patients 

(Figure 6.12). There were no significant changes to EphB4 mRNA expression 

following JAM-A reductions. 

 

  

Figure  6 .1 1 : High EphB4  e x pres s ion in gas tro - oes ophagea l c a nce rs  

c orre la te s  wi th J AM - A a nd HER2  e x pre s s ion. Ga stro - o e sop h ag ea l ca n ce r 

fu ll - fa ce  se ction s (n=1 1 ) w e re sta in e d  fo r E ph B 4  e xp ression . The  as so ciat ion 

b e tw ee n  Ep h B4  e xp ression  a nd  clin icopa tho log ical va ria b le s was de te rmine d 

b y ɢ2  te stin g . A symp to tic sign ifican t co rre la tio n s w e re fu rthe r te ste d  b y 

Fisherôs exact test for both JAM- A exp ression  (A) , a n d HER2  p o sitivity (B). 

S ta tistica l sign ifican ce  *p <0 .0 5 ** p <0 .0 1   



193 

 

 

 

 

 

 

 

 

 

 

 

  
Figure  6 .1 2 J AM - A s ile nci ng doe s  not s ignific a ntly  a lter E phB4  mR NA  

e x pres s ion. Ga stro - oe so ph a ge a l ca n ce r ce ll lin e s w e re p late d a t 2 x10 5 

cells/w ell n 6 - w ell  plate s. Follow ing  one do ub ling period , cells w ere 

tran sien tly tran sfe cted fo r 9 6h  w ith  e ith e r co n trol, n o n - ta rge ting  siRNA 

(siN e g ) o r a  p o o l o f siRNA ta rge tin g  JAM - A (siJp ) siR NA.  Qu a n tita tive  real 

time  P CR w a s th en  p e rforme d  a s fo llow s : E S O26  (A , C ) , N87  (B , D ) . Ct 

va lue s o f sa mp les w e re set relat ive to ma tch e d  Ct va lues o f the 

h o u se ke ep ing  ge ne  RPL P 0. Dat a  from th ree  ind ep e nd e nt e xpe rime n ts a re 

sh ow n  (disp la ye d a s m e a n  ±  S E M), a n d u np aire d , tw o - tailed Studentôs t- tests 

w e re u sed  t o t e st f o r sta tistica l sign ifican ce .  (*p<0. 0 5, **p <0 .0 1 , ** *p<0 .0 0 1 ).  
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6.4 Discussion 

RTKs have been shown to play key roles in tumorigenesis (243). In breast 

cancer models, our group has uncovered an emerging regulatory role for the 

tight junction protein JAM-A, where its loss or increase can correspondingly 

impact several proteins including those belonging to the HER and Eph 

receptor families, via both transcriptional and post-translational mechanisms. 

Since targeting JAM-A has shown promising efficacy in vivo (Yvonne Smith, 

personal communication), JAM-A could offer a potential alternative target in 

cancers overexpressing downstream regulated RTKs.  

JAM-A has been shown to play varying roles in different cancer settings and 

has been reported as varying within cancer types themselves (122, 124-128, 

131, 133). However, the clinical significance of JAM-A in gastro-oesophageal 

cancers remains unclear. The work in this chapter centred on the hypothesis 

that the controversial role of JAM-A in gastro-oesophageal cancers may 

reflect its ability to regulate oncogenic signalling through downstream effects 

on various RTKs.  Expression of JAM-A in gastro-oesophageal tumours was 

first examined in a cohort of 144 patients, post treatment analysed by Hedner 

et al.(251). Tissue microarrays are commonly utilised for establishing 

molecular profiling of potential or known markers in various cancers (269, 270) 

(271). We hypothesised that high expression of JAM-A in these cases would 

correlate with HER3 positivity, however the results in a small subset of the 

cohort suggested the opposite. Our method for assessing JAM-A expression 

across the TMA was robust, and all scoring was moderated by a clinical 

histopathologist. However, since JAM-A expression appears to be 

heterogeneous in nature, it is possible that a TMA did not appropriately 

capture all the relevant information in order to effectively establish JAM-A 

expressional profiles across these cases. Therefore, we suggest that going 

forward, full-face sections, although more costly and labour-intensive, would 

assure researchers are provided with accurate representations of tumours, so 

that sound clinical significance could be generated. Another method that might 

offer insight into protein expression in heterogeneous proteins is reverse 
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phase protein arrays (RPPA) analysis, which can examine at total overall 

protein expression in patient tumours which have been flash-frozen on 

removal (271). 

Nonetheless, the TMA revealed a potential correlation between high JAM-A 

expression and higher patient age (over 65 years old). Interestingly, it is 

already known that age-related disruption to epithelial barriers is common 

occurrence, with research showing regular aberrant expressional changes to 

tight junction proteins across the gastrointestinal tract (272-274), and hence 

the correlation with JAM-A overexpression in older patients may reflect a 

natural aging process occurring irrespective of cancer development. In 

contrast, work in breast cancer models had demonstrated the opposite, with 

JAM-A overexpression more likely to occur in younger breast cancer patients 

(100, 131). We hypothesise that these differences may reflect the 

physiological role of JAM-A in the specific tissues and hence, basal levels 

across tissues and cohorts of patients should be considered. 

Since a linear regulation pathway involving JAM-A, FOXA1, β-catenin and 

HER3 had been established in vitro  and in patient tissues of breast cancer 

patients (Rodrigo Cruz, personal communication), we wanted to investigate 

whether JAM-A silencing could influence HER3 in the same manner in gastro-

oesophageal cancer cell lines. The evidence presented in this chapter showed 

no significant decreases to HER3 protein or mRNA expression following JAM-

A silencing. However there was a trend that JAM-A silencing increa se d  HER3 

expression, mirroring previous chapters in which JAM-A silencing induced 

increased HER2 expressions. Since JAM-A appears to impact diverse protein 

pathways in this cancer setting, we suggest that the increases to HER3 may 

be as a result of JAM-A loss from the cells and compensatory mechanisms 

activating to ensure cell survival. Another possible explanation is that JAM-A 

expression maintains tightly regulated homeostasis in gastro-oesophageal 

cancers and, depending on the cancer setting, its loss or gain can ‘tip the 

scale’ towards oncogenic phenotypes. Either way, it appears as though JAM-

A is critical for maintaining cellular homeostasis; and hence targeting it in as a 
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regulator of HER protein family members may cause more harm than benefit 

to gastro-oesophageal cancer patients.  

Transcription regulation/dysregulation is an important mechanism in driving 

pathogenesis, and targeting transcriptional factors activating oncogenes has 

offered promising therapeutic potential (275, 276). FOXA1, a transcription 

factor with many known gene targets, changed in parallel with expression 

changes in JAM-A in unpublished breast cancer work (Rodrigo Cruz, personal 

communication). Furthermore, reductions in either JAM-A and FOXA1 induced 

downstream reductions in HER3 mRNA and protein levels. We hypothesised 

that JAM-A may regulate FOXA1, and that phenotypical changes discussed 

previously in this thesis were as a result of losses to an important transcription 

factor. However, the results demonstrated that this was not the case, and in 

fact JAM-A silencing significantly incre a se d  FOXA1 expression in one of the 

gastro-oesophageal cancer cell lines. At this juncture it is important to note 

that JAM-A-silencing also capable of influencing the expression of classic 

housekeeping or cytoskeletal proteins. Since both protein and mRNA samples 

were analysed pre-assessment via either BCA or Nanodrop (respectively) to 

ensure equal loading, we expected to see equivalent loading of our loading 

controls (Actin or RPLP0). During qRT-PCR, siJp samples had consistently 

higher raw Ct values. This suggests that JAM-A silencing may actually 

decrease a myriad of genes and, if the housekeeping gene RPLP0 was 

impacted by JAM-A reductions, the results may not reflect the true 

expressional levels of genes in those samples. Given that we observed 

potential changes to HER2 localisation in gastro-oesophageal cells (Chapter 

5) and suggested that this may be due to cytoskeletal changes, it may be 

worth future exploration to test whether JAM-A reduces cytoskeletal protein 

expression in some cell lines. Firstly, this would support our theory that JAM-A 

maintains tightly regulated homeostasis of cells in gastro-oesophageal cancer 

cells. Secondly, if JAM-A truly impacts the expression of cytoskeletal proteins, 

this may offer insight into the why JAM-A removal induces a possible 

apoptotic priming across all cell lines tested (Chapter 5).   
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In parallel, a pilot study of 11 gastric cancer patients (previously described for 

JAM-A/HER2 correlations), was utilised to assess whether JAM-A expression 

correlated with that of another RTK, EphB4, recently reported to associate 

with worsened survival and risk of progression in gastro-oesophageal cancers 

(268). Since the upregulation of EphB4 remained unclear in this setting and 

our group had previously highlighted JAM-A as a potential regulator of this 

RTK in breast cancer settings, we hypothesised that JAM-A may be 

responsible for EphB4 stabilisation, driving the associated pathogenesis. 

Correlation of JAM-A and EphB4 staining was significantly evident in the 11 

gastro-oesophageal cancer cases. The use of full face sections ensured that 

JAM-A had been accurately scored across a larger field compared to the TMA 

scoring of JAM-A discussed previously (Chapter 5).We developed a novel 

weighted ranking system for scoring JAM-A expression. When we correlated 

JAM-A expression with EphB4 expression, cases correlated perfectly for 

Low/Moderate JAM-A and EphB4 or High JAM-A and EphB4 expression. 

Given the limitations of the size of this cohort, expanding this would prove 

extremely beneficial, especially since this work has established an effective, 

working grading system for heterogeneous JAM-A expression in gastro-

oesophageal cancers. 

JAM-A silencing was also utilised to examine whether any direct regulation 

between JAM-A and EphB4 could be demonstrated in vitro.  However EphB4 

appeared to be u p reg u late d  following reductions in JAM-A levels. Since 

correlation of EphB4 and JAM-A in gastric cancer tissues may represent an 

aggressive tumour type, and mRNA changes were not correlated to the 

evidence presented in tissue, we suggest that JAM-A may not confer direct 

regulation in this setting. It is possible that both proteins are present in 

aggressive tumours, and that the paired correlation is coincidental rather than 

causative. To validate this, we suggest future work of a larger cohort of full 

faced sections from gastro-oesophageal cancer patients, as well as supportive 

RPPA data.  

Taken together, it appears that the regulatory role for RTKs by JAM-A 

established in breast cancer models does not seem to occur in gastro-
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oesophageal cancer models. However, JAM-A may still play an important role 

in maintaining cellular homeostasis since loss of JAM-A induced inconsistent 

downstream alterations to RTKs and cytoskeletal proteins. 
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Chapter 7 General Discussion 
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Gastro-oesophageal cancers remain associated with poor survival in the 

western world (36, 37, 44, 45). While a multipronged approach is often taken 

towards treatment, late-stage diagnosis often requires radical interventions 

and mortality remains clinically challenging (63, 65-68). Both gastric and 

oesophageal cancers are heterogeneous in nature, with very few common 

mutations that can be pharmacologically targeted (277, 278). Furthermore, 

given the late stage of diagnosis, patients often have locally advanced or 

metastatic disease by the time they receive their diagnosis (279, 280). Hence, 

new universal therapies with broad specificities would be valuable in 

improving survival rates.  

Given the ‘difficult to treat’ nature of gastro-oesophageal cancers, this thesis 

first tested the efficacy of a novel natural compound in gastro-oesophageal 

cancer cell models (Chapter 3). Promisingly, the IC50 for Crassin in viability 

assays across several gastro-oesophageal cancer cell lines was found to be 

in the low micromolar range. Furthermore, Crassin reduced colony-forming 

potential in all cell lines tested; a surrogate for clonogenic ability (281) and 

therefore a positive indicator that Crassin may merit investigation for its 

capacity to prevent tumour development in vivo.   

As a first step towards that goal, and in an effort to translate this work into a 

clinically relevant model, we tested the efficacy of Crassin in an in o vo  / semi-

in vivo chick embryo xenograft model. This model, which uses the chicken egg 

chorioallantoic membrane (CAM) as a host site for tumour xenograft 

development, is emerging as an extremely useful pre-clinical tool in cancer 

therapeutics. Several publications have reported that tumour establishment 

and invasion can be measured accurately between control and treated groups 

(172, 187); and that the model is ideally suited for the study of novel 

therapeutics in cancer research (187). Furthermore, CAM models are now 

showing promise as models for patient derived xenograft (PDX) studies (282). 

Utilising the chick embryo model, we were able to highlight the ability of 

Crassin to effectively inhibit tumour establishment of gastro-oesophageal 

cancer cells. However, given a limited number of replicates in our study, we 
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suggest expanding the scale in addition to using higher in vivo  models to bring 

Crassin further along the regulatory pathway in this setting.  

A further indication of the potential of Crassin as a novel cancer therapeutic 

was highlighted in a recent publication arising directly from this thesis (205), 

where Crassin induced cytostasis in triple-negative breast cancer (TNBC) cell 

models. Like gastro-oesophageal cancers, TNBC are typically ‘difficult to 

treat’, since they lack common targetable molecular markers (26, 27). Crassin 

exerted ROS-dependent cytostatic reductions in metabolism and proliferation 

in a panel of TNBC cell lines. Interestingly, we showed cells shifted from G1 to 

G2/M, which was indicative of induced senescence in treated cells. Protein 

expression analysis revealed increases in the cell survival proteins pAKT and 

pERK, which were inhibited in the presence of an antioxidant. Furthermore, 

Crassin synergised with a common chemotherapeutic drug, Doxorubicin to 

reduce TNBC cell viability (205). Since current therapies are often 

accompanied by undesirable toxic side effects (141-143), it is exciting to 

speculate that co-administration of natural compounds like Crassin may in the 

future have potential in reducing the doses of highly-toxic conventional 

chemotherapies. In summary, we have highlighted promising in vitro and 

semi-in vivo  efficacy of Crassin against ‘difficult to treat’ cancer types and 

suggest that this novel natural compound warrants further investigation to 

explore the therapeutic efficacy of Crassin in higher in vivo  models. There is 

already excellent precedent for using compounds of the diterpenoid chemical 

class, based on the success of Taxol as a chemotherapeutic drug (283-285). 

Crassin holds considerable potential as a platform for the popularly-coined 

“one-two punch” strategy, describing two parallel therapies given to patients, 

one to induce senescence and the other to eradicate senescent cells, 

increasing patient responsiveness to therapies (286-288).    

While treatment options are limited in gastro-oesophageal cancers, a few 

common mutations have nonetheless been established. These include E-

cadherin and HER family members (289-291). E-cadherin is an adherens 

junction protein that regulates migration and differentiation of epithelial cells 

(292). Loss of E-cadherin is considered to be a hallmark for epithelial 
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mesenchymal transition (EMT) (293), and its aberrant expression has been 

associated with aggressive phenotypes in gastric cancers, including increased 

migration and association with advanced stages of the disease (290, 291). E-

cadherin offers insight into how adhesion molecules can play important roles 

in maintaining homeostasis and hence, and accordingly how their 

dysregulation may contribute to the pathogenesis of cancer progression. Our 

group and others have also shown the importance of adhesion protein 

regulation in the breast cancer setting (100, 111, 125, 126, 131, 133, 206, 

208, 294, 295), but there is accumulating evidence that adhesion proteins play 

key roles in many other cancers too (reviewed by Leech et al) (106). 

The adhesion protein of most interest in our group has been Junctional 

Adhesion Molecule-A (JAM-A), a protein found at epithelial and endothelial 

tight junctions which plays important physiological roles in cell polarity and 

migration (121). In pathophysiological contexts, however, JAM-A has been 

found to be overexpressed in breast cancers and to increase cell proliferation 

and migration (131, 206). However, the role of JAM-A in gastro-oesophageal 

cancers is unclear, with contradictory results surrounding the aberrant 

expression of JAM-A in this setting (122, 127). In Chapter 4 we highlighted 

high JAM-A expression in gastro-oesophageal cancers in a small, 

commercially available tissue microarray. Furthermore, using an online tool 

(140) we demonstrated an association between high JAM-A gene expression 

and poor survival in gastric cancer patients. Having established gastro-

oesophageal cancer cell line models suitable for the study of JAM-A 

expression in this setting, we then observed differential outcomes of JAM-A 

silencing across gastro-oesophageal cancer cells in vitro. Reductions to JAM-

A expression impaired cell viability and colony-forming ability in two gastro-

oesophageal cell lines; whereas both cell viability and colony-forming ability 

were paradoxically incr e a sed  in another cell line. Furthermore, overexpression 

of JAM-A in the same cell lines had no impact on either proliferation or colony 

forming abilites. Interestingly, we demonstrated in later chapters that JAM-A 

silencing elicited an apoptotic ‘primed’ state across all cell lines, irrespective of 

their initial response to JAM-A silencing. Thus it is possible that, in this 
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instance, loss of JAM-A reduces the stabilisation of cellular homeostasis and 

increases gastro-oesophageal susceptibility to apoptosis. This was an 

important finding, as it suggests that JAM-A targeting, in combination with 

apoptosis-inducing chemotherapeutics, may warrant further investigation for 

its potential to offer clinical benefit across all gastro-oesophageal cancers.  

We also set out to study the tumour growth and invasion of gastro-

oesophageal cells in a more clinically relevant model. While JAM-A silencing 

across xenografts from the in o vo  chick embryo model elicited extremely 

heterogeneous JAM-A expressional reductions, it is extremely promising that 

we have made some progress in reducing JAM-A levels in an emerging (and 

valuable) model. However, we saw no reduction to the invasive nature of 

xenograft tumours compared to control treated (siNeg) tumours in the focal 

regions where there was real evidence of JAM-A loss. As discussed 

previously (Chapter 4), it is conceivable that a threshold level of JAM-A may 

be crucial for the transition between physiological and pathophysiological 

functions of JAM-A; with JAM-A in effect performing as a ‘molecular switch’. 

This would suggest that neither loss nor overexpression singularly define the 

role of JAM-A in gastro-oesophageal cancers. Instead, JAM-A aberrant 

expression should be considered as oncogenic, and defining the regulatory 

points of the ‘molecular switch’ could prove critical for future work with JAM-A 

in this cancer setting. Of course, it is also possible that JAM-A can exert either 

oncogenic or tumour suppressive functions depending on the tissue of origin, 

like many other proteins that have been so-established (296). However, given 

the role mentioned in this thesis and in other cancer research (100, 125, 127) 

for JAM-A in restraining apoptosis, we would suggest that JAM-A has 

oncogenic properties and that an expressional threshold scenario appears 

more likely.  

Cancers in gastro-oesophageal locations are associated with a very high risk 

of thrombosis and other clotting issues in patients; in fact being reported as 

carrying the highest risk for both deep vein thrombosis (DVT) and pulmonary 

embolism (PE) (297). Gastro-related cancers were shown to have increased 

rates of thromboembolic events of ~9% compared to ~3% in non-gastro-
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related cancers (298). Interestingly, cleaved JAM-A (cJAM-A) is associated 

with cardiovascular disease and hypertension, with higher circulating levels in 

serum of patients (210, 212). It is tempting to speculate that higher expression 

levels of JAM-A in gastro-oesophageal patients may translate into increased 

circulating levels of cJAM-A, and an increased risk of thromboembolic events. 

We recently reviewed the role of cJAM-A in HER2 therapy resistance in breast 

cancers and suggested correlations between cJAM-A in cancer and 

cardiovascular disease (299). In Chapter Four, recombinant cJAM-A (rcJAM-

A) was demonstrated to have little effect on gastro-oesophageal cell viability in 

vitro . Surprisingly however we observed that rcJAM-A reduced clonogenic 

potential of the same cell lines. It is possible that, in this in vitro  setting, cJAM-

A confers no advantage to cancer cells survival and perhaps that rcJAM-A 

was even toxic to gastro-oesophageal cells. We propose that testing of cJAM-

A in an in vivo  model, while monitoring angiogenic properties and clotting 

factors, would be a valuable approach. Furthermore, studying the serum of 

gastro-oesophageal patients who have suffered DVT or PE might offer 

valuable insight into whether this cJAM-A protein acts as a novel biomarker for 

patients at risk of cardio-associated events. 

Previous work in our lab has placed both JAM-A and cJAM-A as players in the 

regulation of HER2 expression and in resistance to HER2-targeted therapies 

(100, 208). Given that JAM-A is an easily accessible cell surface target  

expressed at increased levels in gastro-oesophageal cancers, there may be 

potential for JAM-A targeting in gastro-oesophageal cancers. Hence, we 

sought to define whether JAM-A could offer an alternative target in HER2-

overexpressing gastro-oesophageal cancers, particularly those which have 

developed resistance to HER2-targeted therapies (70, 227, 247, 300, 301). 

Using gastro-oesophageal cell lines, we reduced or increased JAM-A 

expressional levels and examined their impact on HER2 expression. However, 

there was great variability between both biological replicates and across cell 

lines; and in some instances JAM-A silencing even incre a se d  HER2 

expression. The lack of consistency in these cases suggested that JAM-A 
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may not be directly regulating HER2 as had been previously described in 

breast cancer cell lines (100).  

Given the discrepancies, we sought to visualise the localisation of HER2 on 

cellular membranes following JAM-A silencing. Interestingly, we noted 

disruption to HER2 staining, which appeared fragmented and punctate across 

gastro-oesophageal cancer cells when JAM-A was reduced. Initially, we 

believed that this represented a possible mechanism for JAM-A stabilisation of 

HER2, where JAM-A loss increased HER2 recycling. However, given 

previously-highlighted issues around aberrant expression of even cytoskeletal 

and other housekeeping proteins in gastro-oesophageal cancer cells following 

JAM-A silencing (Chapters 4, 5, 6), it is possible that the disruption to HER2 

results from disrupted cellular structures. Notably, JAM-A has previously been 

shown to disrupt the cytoskeleton of epithelial cells other than gastro-

oesophageal (302), and hence could play a similar a role here. Targeting both 

JAM-A and HER2 in parallel may therefore induce cytoskeletal disruption and 

induce apoptotic priming in a manner that would enhance HER2 therapy 

efficacy. This would offer a similar ‘one-two punch’ (described previously (286-

288)) style of treatment for gastro-oesophageal cancers. 

In the consideration of any new therapy regimens, there needs to be a method 

for clinically assessing patients who would benefit. IHC for JAM-A could 

provide this opportunity. Histological correlation is often utilised to establish 

patterns of overexpression or loss in cancer patients (303, 304). We utilised 

both tissue microarray (TMA) and full face tissue sections from gastro-

oesophageal cancer patients, and searched for correlations between JAM-A 

and HER2 expression. While the TMA represented a larger cohort, significant 

variation in JAM-A staining was observed between duplicate cores of the 

same cases which negated the possibility of uncovering an expressional 

correlation between JAM-A and HER2. Given the extremely heterogeneous 

nature of JAM-A expression in these tissues, we postulated that small TMA 

cores were insufficient to meaningfully study JAM-A expressional patterns in 

this complex setting. A small pilot-study of gastro-oesophageal cancer full face 

sections supported this postulate. JAM-A staining was extremely 
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heterogeneous and, with the help of a clinical histopathologist, we developed 

a novel, weighted ranking system which accurately captured the expression 

levels of JAM-A across all cases. Interestingly, the small study revealed a 

correlation between JAM-A and HER2 protein expression. Since we saw large 

variability in HER2 expression following JAM-A modulation (Chapter 5), it is 

possible that JAM-A and HER2 co-expression is indicative of an aggressive 

tumour type rather than being evidence of a linear regulatory pathway. 

However, a larger cohort of full face sections with known HER2 status, stained 

for JAM-A expression and assessed using the established weighted ranking 

system, would be important in future studies to conclude whether JAM-A 

overexpression is correlated with HER2 positivity.  

Our group has previously highlighted a linear mechanism of regulation by 

JAM-A of other receptor tyrosine kinases (RTKs) in breast cancer cell line 

models (Rodrigo Cruz, Sri Vellanki, personal communications). Hence, in 

Chapter Six we sought to determine whether a similar regulatory role for JAM-

A existed in gastro-oesophageal cancers. Previous work in our laboratory has 

highlighted how JAM-A loss alters the location of β-catenin within cells, 

reducing its capacity to travel to the nucleus and switch on FOXA1 

expression, in turn reducing levels of HER3. Since HER3 has been placed at 

the centre of acquired resistance to HER2-targeted therapies (248, 255, 261, 

262), it seemed conceivable that if JAM-A were to regulate HER3 in gastro-

oesophageal settings it may offer a novel target for therapy-resistant patients. 

We examined the levels of both HER3 and FOXA1 in gastro-oesophageal 

cancer cell lines following JAM-A silencing. JAM-A expression reductions had 

a similarly-variable influence on both HER3 and FOXA1 expression that was 

previously noted for HER2 following JAM-A silencing. Furthermore, analysis of 

JAM-A expression in a TMA revealed no correlation with HER3 expression in 

this setting. Of course, the same limitation of JAM-A expression across very 

small TMA cores still remains, given that gastro-oesophageal tumours tend to 

be large and very variable. However, given the lack of an unequivocal 

response across many in vitro  datasets, we conclude that JAM-A is unlikely to 

regulate HER3 expression in this setting. 
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Since the regulation of HER family members by JAM-A appeared unlikely in 

gastro-oesophageal cell lines, we examined whether JAM-A had the ability to 

regulate non-HER RTKs. Previous work by our group has uncovered a 

potential mechanism of JAM-A-dependent regulation of EphB4 in breast 

cancer cell lines (Sri Vellanki, personal communication). Since EphB4 has 

recently been shown to associate with unfavourable outcomes for gastric 

cancer patients (268), we tested to see whether any correlation between JAM-

A and EphB4 was evident across our small cohort of gastro-oesophageal 

cancer full faced tissue sections. Surprisingly, we saw a complete positive 

correlation between cases. However, when we examined whether JAM-A had 

the ability to regulate EphB4 i n  vitro , JAM-A silencing in fact incre ase d  EphB4 

mRNA levels. Since both JAM-A and EphB4 appear to associate with 

aggressive gastro-oesophageal cases, as shown through available gene 

datasets (www.kmplot.com) (140), we believe that the correlation in tissues 

may represent a coincidental co-expression demonstrating aggressive tumour 

behaviour, rather than an indication of direct JAM-A regulation of EphB4 in 

this setting.  

To summarize, this body of work has highlighted two potential mechanisms of 

‘one-two punch’ therapeutics in gastro-oesophageal cancers: (1) Crassin as a 

senescence inducer and (2) JAM-A antagonists as an ‘apoptotic primer’ 

(Figure 7.1).  We suggest that, while JAM-A may offer some promise in 

priming apoptotic cells in gastro-oesophageal cancers, its it does not play the 

same regulatory role demonstrated in breast cancer models. Specifically, 

RTKs known to be regulated by JAM-A in breast cancer models were 

unaffected by JAM-A loss or overexpression in gastro-oesophageal models. 

However, the ability of JAM-A loss to prime cells for apoptosis appears to 

supersede the oncogenic or tumour suppressive basal role of JAM-A in cell 

lines; and hence may offer a novel target in gastro-oesophageal cancers when 

considered in the scope of ‘multiple hits’ to ease tumour burden.   

http://www.kmplot.com/
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Figure  7 .1  S umma ry of the s is. Cra ssin trea tme n ts ind u ce ROS, which  in 

tu rn incre a se  p A kt,  d riving  cyto sta sis in cance r  ce lls. JAM - A  w a s sh ow n  to 

co rre lat e  w ith HER2  e xp ression in fu ll - fa ce se ctio n s a nd  th e  rela tio n sh ip 

req u ire s fu rthe r e lucida tio n .  JAM - A  w a s sho wn n o t to  reg u la te  RTKs HER3 

a n d  E p hB 4  in g a stro - o e sop h ag e a l ca n cers in vitro.  JAM - A  h a s be en 

h igh lig h te d  a s p o te n tia lly d e sta b ilisin g  ce lls th rou gh  p o te n tia l cyto ske leton 

d isru p tio n  a n d  JA M - A  p rote in red u ction s via siRNA sile n cing  p rime  ce lls to 

u n de rgo  a p op to sis.  
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Chapter 8 Future Works 

  



210 

 

Since the work presented here was sometimes limited in scale by both 

samples and resources, there are several suggestions for continued 

investigation of both Crassin treatment and JAM-A in gastro-oesophageal 

cancers. 

1) Expand Crassin treatment study into a larger scale, higher in vivo  model 

and test both the efficacy and tolerance of Crassin in ‘hard-to-treat’ 

cancer types.  

2) Establish both CRISPR-Cas9 JAM-A-silenced and JAM-A-overexpressed 

stably expressing JAM-A cell lines to:  

a. Uncover effects, if any, on protein and mRNA levels of RTKs 

b. Examine the morphology of cells to elucidate any structural 

changes following JAM-A modulation.  

c. Uncover any protein and mRNA expressional changes of both 

cytoskeletal and ribosomal proteins. 

3) Since JAM-A heterogeneity was an issue across TMAs, we suggest using 

a larger cohort of full-face sections to correlate JAM-A expression with 

RTKs, specifically HER2, HER3 and EphB4. We also suggest utilising the 

novel weighted ranking system for JAM-A expression (Chapter 5) as a 

method for all future scoring of JAM-A staining in gastro-oesophageal 

tissues. 

4) To complement the larger tissue study, we suggest using RPPA analysis 

of JAM-A expression from patients with known HER2 status. This will 

help elucidate whether any correlation between JAM-A and HER2 exists.  

5) Can JAM-A expression reductions prime cells to undergo apoptosis in 

vivo? We suggest targeting JAM-A expression in gastro-oesophageal 

cells with JAM-A inhibitors (such as small peptide inhibitor developed by 

our group, termed JBS2) and miRNA miR-145, in combination with 

apoptotic inducing chemotherapies (i.e Doxorubicin) in in vivo models. 

This would highlight whether JAM-A reductions can increase the efficacy 

of chemotherapy treatments against tumours.  

6) Can JAM-A expressional reductions re-sensitise gastro-oesophageal 

cells resistant to HER2-targeted therapies? As above, we suggest testing 
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whether JAM-A expression reductions in combination with HER2-targeted 

therapies (Trastuzumab or Pertuzumab and Lapatinib) has the ability to 

re-sensitise gastro-oesophageal cancer cell lines induced to become 

conditionally resistant to HER2-targeted therapies. 

7) Finally, can cJAM-A foster invasive behaviour of gastro-oesophageal 

cancers in vivo ? We hypothesise that cJAM-A may play a role in driving 

invasion in vivo , which does not occur in vitro . Hence, we suggest a two-

pronged approach to study cJAM-A in vivo  in gastro-oesophageal cancer 

settings 

a. Since ADAM-10/-17 are responsible for JAM-A cleavage, their 

inhibition (with consequent reductions to cJAM-A) may offer insight 

into the role of cJAM-A in tumour invasion. Using ADAM-10/-17 

inhibitors as treatments in in vivo tumour invasion models should 

be analysed.  

b. rcJAM-A treatments given in vivo  could help elucidate whether 

cJAM-A plays a role in priming metastatic niches in vivo .  Tumour 

invasion and angiogenic properties should then be assessed.  

Further delineation of the different spatiotemporal roles of JAM-A is crucial in 

our understanding of this pathophysiology. This thesis has merely scratched 

the surface - there remains much to be elucidated in this complex and 

fascinating field. 
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Appendix A ï Antibodies for Western Blot 

Antibody Brand Species Dilution Conc. 
(μg/mL) 

Diluent Product 
Code 

Actin Abcam Rabbit 1:5000 0.02 Milk Ab8227 

HER2 Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 2165 

HER3 Cell 
Signalli
ng 

Rabbit 1:1000 - Milk 12708 

JAM-A BD Mouse 1:1000 0.25 Milk 612120 

LC3B Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 2775 

pAKT Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 4060 

Total Akt Cell 
Signalli
ng 

Mouse 1:1000 - BSA 2920 

pERK Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 4370 

Total ERK Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 2920 

Cleaved 
Cas-3 

Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 9661 

Total 
Caspas-3 

Cell 
Signalli
ng 

Rabbit 1:1000 - BSA 14220 
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Appendix B ï Antibodies for IHC 

Antibody Brand Species Dilution Conc. 
(μg/mL) 

Retrieval 
Solution 

Product 
Code 

JAM-A Abnova Mouse 1:1000 0.4 Leica 
ER 1 

H00050
848-
M01 

HER2 Cell 
Signalling 

Rabbit Ready-
to-use  

- CC1 2165 

HER3 Cell 
Signalling 

Rabbit 1:50 - Leica 
ER 2 

12708 

Ki67 Agilent 
Dako 

Mouse 1:75 - Leica 
ER 2 

M7240 

EphB4 Cell 
Signalling 

Rabbit 1:100 - Leica 
ER 2 

14960 

Cytokera
tin 

BD Mouse 1:10 - Leica 
ER 1 

BD3457
79 

 

Appendix C ï Antibodies for IF 

Antibody Brand Specie
s 

Diluti
on 

Conc. 
(μg/mL) 

Diluent Product 
Code 

JAM-A Santa 
Cruz 

Mouse 1:500 0.4 Goat 
Serum 

Sc-53623 

HER2 Cell 
Signalling 

Rabbit 1:200 - Goat 
Serum 

2165 

Β-catenin Cell 
Signalling 

Rabbit 1:100 - Goat 
Serum 

8480 
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Appendix D ï Solutions 

1.5M Tris-Cl pH 8.8 (Running Gel) ï Store at 4°C 

-  90.83g Trizma base 

-  300mL ddH20  

-  pH to 8.8 with v. concentrated HCl (~8mL)  

-  ddH2O up to 500mL  

1M Tris-Cl pH 6.8 (Stacking Gel) ï Store at RT 

-  60.55g Trizma base 

-  300mL ddH20  

-  pH to 6.8 with v. concentrated HCl (~10mL)  

-  ddH2O up to 500mL  

10X Tris Glycine ï Store at 4°C 

-  30.3g Tris base 

-  144g Glycine 

-  ddH2O up to 1L 

check if pH = 8.3 

10X TBS ï Store at 4°C 

-  80g NaCl 

-  2g KCl 

-  30g Trizma base 

-  800mL ddH20 

-  pH to 7.4 with concentrated HCl 

-  ddH2O up to 1L 

10X PBS ï Store at RT 

-  80g NaCl 

-  2g KCl 

-  14.4g Na2HPO4  
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-  2.4g KH2PO4 

-  800mL ddH20 

-  pH to 7.4 

-  ddH2O up to 1L 

Relax Buffer ï Store at 4°C 

-  1.4912g KCl 

-  0.0351g NaCl 

-  0.0666g MgCl2 (anhydrous) 

-  2mL 1M HEPES 

-  100mL ddH2O 

-  pH to 7.4 

-  ddH2O up to 200mL 

RIPA Buffer ï Store at 4ºC 

-  0.877g 150mM NaCl 

-  1mL 1% Triton-X 100 

-  0.5g 5% Sodium Deoxycholate 

-  0.1g SDS 

-  0.606g 50mM Tris-Cl pH8 

-  ddH2O up to 100mL 

Stripping Buffer ï Store at RT 

-  80mL 10% SDS 

-  25mL 1M Tris-Cl pH 7 

-  ddH2O up to 400mL 

*Add 70mL β- mercaptoethanol per 10mL IN FUME HOOD  

10% SDS ï Store at RT 

-  10g SDS 

-  ddH2O up to 100mL 
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       * 100% = 1g/mL 

Running Buffer (For 2 Gels) 

-  100mL 10X Tris-Glycine 

-  900mL dH2O 

-  5mL 10% SDS 

Transfer Buffer (For 2 Gels) 

-  140mL methanol 

-  70 mL 10X Tris-Glycine 

-  ddH2O up to 700mL 

Ponceau S 

-  1mg Ponceau 

-  0.1mL Acetic acid 

-  1mL ddH2O 

Laemelli Buffer 6x 

-  3.75mL 1M Tris-Cl pH 6.8 (0.375M) 

-  4mL Glycerol (40%) 

-  1.2g SDS (12%) 

-  10mg Bromophenol Blue 

-  0.93g DTT  

-  ddH2O up to 10mL 
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Appendix E ï Resolving Gel Recipes 

Resolving Gel: 

  9% 10% 12% 13% 15% 

ddH20 
(mL) 

8.6  7.9  6.6 5.9 4.6 

30% 
Acrylami
de (mL) 

6  6.7  8 8.7 10 

Tris-Cl 
pH8.8 
(mL) 

5  5  5 5 5 

10% 
SDS 
(μL) 

200 200 200 200 200 

APS 
(μL) 

200 200 200 200 200 

TEMED 
(μL) 

8 8 8 8 8 

Stacking Gel: 

 5% 

ddH20 (mL) 6.8  

30% Acrylamide (mL) 1.7 

Tris-Cl pH8.8 (mL) 1.25 

10% SDS (μL) 100 

APS (μL) 100 

TEMED (μL) 10 
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Appendix F ï Primary Cell Cultre Media Recipe 

Supplement 
Concentra
tion Stock 

Volume to Add 
(500mL) 

Final 
Concentration 

EGF 
100µg/mL 50µL 10ng/mL 

Hydrocortisone 
1mg/mL 250µl 0.5µg/mL 

Insulin 
1mg/mL 2.5mL 5µg/mL 

BPE 
14mg/mL 
(as bought) 

2.5mL 70µg/mL 

Transferrin 
10mg/mL 250µl 5µg/mL 

Ethanolamine 
1x10-1 M 500µl 1x10-4 M 

O-
phosphoethanol
amine 

1x10-1 M 500µl 1x10-4 M 

 

Appendix G ï siRNA  

siRNA Brand 
Product 

Code 
Sequence 

siJAM11 Dharmacon Designed CGGGGGUCGCAGGAAUCUG 
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Appendix H ï Primer Sequences 

siRNA Sequence 

JAM-A Forward CTC TCA GTC CCC TCG CTG TA 

JAM-A Reverse AAT GCC AGG GAG CAC AAC AG 

RPLP0 Forward GGC AGC ATC TAC AAC CCT GA 

RPLP0 Reverse GGC AGC ATC TAC AAC CCT GA 

HER2 Forward ACG TTT GAG TCC ATG CCC AA 

HER2 Reverse AGG TAG TTG TAG GGA CAG GCA 

HER3 Forward GTG GTG AAG GAC AAT GGC AG 

HER3 Reverse CAC AGA TGG TCT TGG TCA ATG TC 

FOXA1 Forward AGG GCT GGA TGG TTG TAT TG 

FOXA1 Reverse GCT CGT AGT CAT GGT GTT CAT 

Β-catenin Forward CCT TCA ACT ATT TCT TCC ATG CG 

Β-catenin Reverse CTA GTT CAG TTG CTT GTT CGT G 

EphB4 Forward TAT GAG AGC GAT GCG GAC AC 

EphB4 Reverse CGT GTC CAC CTT GAT GTA GGG 
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Appendix I ï Clinocpathological Features of Full-Face Gastro-

oesophageal Cancer Cases 

Pati ent  T umour  ty pe  G r ade  Loc ati on  
HER2 
s tatus  T  stag e  N  stag e  

1  
ad en o carcin o ma,  
in testin al ty p e  

mo d era te 
an d  p o o rly  
d iffer en tia ted  

OG j u n ctio n  
an d  less er 
cu rve  N egat iv e  p T3  N 0  

2  
ad en o carcin o ma,  
d iffu s e t y p e  

p o o rly  
d iffer en tia ted  gastri c b o d y  Po sitiv e  p T3  N 0 (i+)  

3  
ad en o carcin o ma,  
in testin al ty p e  

mo d era te 
an d  p o o rly  
d iffer en tia ted  gastric b o d y  Po sitiv e  y p T3  N 0  

4  
ad en o carcin o ma 
in testin al an d  d iffu s e  

p o o rly  
d iffer en tia ted  gastric card ia  N egat iv e  p T4a  N 2  

5  
ad en o carcin o ma,  
in testin al ty p e  

mo d era tely 
d iffer en tia ted  

gastric b o d y  
les ser cu r ve  Po sitiv e  p T3  N 1  

6  
ad en o carcin o ma,  
d iffu s e t y p e  

p o o rly  
d iffer en tia ted  gastric b o d y   N egat iv e  p T4a  N 0  

7  
ad en o carcin o ma,  
in testin al ty p e  

mo d era te 
an d  p o o rly  
d iffer en tia ted  gastric b o d y  Po sitiv e  p T3  N 2  

8  
ad en o carcin o ma,  
N OS  

p o o rly  
d iffer en tia ted  gastric p y loru s  Po sitiv e  p T4a  N 3a  

9  
ad en o carcin o ma,  
d iffu s e t y p e  

p o o rly  
d iffer en tia ted  gastric b o d y  N egat iv e  y p T3  N 1  

10  
ad en o carcin o ma,  
d iffu s e t y p e  

p o o rly  
d iffer en tia ted  OG j u n ctio n   Po sitiv e  y p T1b  N 0  

11  
ad en o carcin o ma,  
in testin al ty p e  

mo d era te 
an d  p o o rly  
d iffer en tia ted  

OG j u n ctio n  
an d  ga stric  N egat iv e  p T3  N 2  
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Appendix J ï Supplementary Data 

  

S upple me nta ry  Figure  1 : Crass in - trea ted X e nografts  s howe d e v ide nc e 

of tumour growth a nd proli fera tion. 2 x 106 ESO26 cells were implanted 

onto the CAM of fertilised hen eggs on day 8 of development and treatment 

with either Crassin (1.15ҡM) or vehicle control (DMSO, 0.00006% v/v insert) 

on days 10 and 12. On day 14, silicon  rin g s a nd  su rrou n d ing  a re a s  of the 

CAM w e re e xcised , fo rma lin  fixe d  a n d sta ine d  fo r cyto ke ratin , K i67  or 

ha emat oxylin and eosin (H&E ) . St ain ed  sect ion s w ere then  imag ed  on 

Olymp u s CKx4 1  micro sco p e  a t 4 x o r 2 0 x w ith  Cell B  ima g ing  so ftware . A rea s 

o f tu mo u r a re d e n oted  b y b lack a rro w s , a rea s o f M a trige l a re de n o te d  by 

w h ite  a rro w s an d  a reas o f CAM a re d e no ted b y red  a rro w s. A ll ima g e s w e re 

o b ta in e d  u sin g  a n  Olymp u s CKx4 1  micro sco p e  w ith  Cell B  i ma g ing  so ftw a re 

a t 20 x ma g n ificat ion .  
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S upple me nta ry  Figure  2 : C4 a lter s c ell ula r morphology in MDA - MB -

2 3 1  c e lls . MDA - MB - 23 1  ce lls w e re p lat ed  at e ith e r 30 0 ,0 00  o r 10 0 ,0 0 0  p e r 

w e ll a nd  treate d  4 8h  lat e r w ith  C4 (5 µM) o r ve h icle  co n trol (DMS O) fo r 

e ith e r 24 h  (A)  o r 4 8 h  (B)  fo r 4 8 h . Ce lls w e re th e n  ima g e d a t 40x 

ma g n ificat ion  o n  a n  O lymp u s CK X 4 1  micr o sco pe  u sing  Ce ll B  i ma g ing 

so ftw a re.  
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S upple me nta ry  Figure  3 : Leve ls  of cJ AM - A a c ros s  ga s tro - oesophage a l 

c e ll  li ne s  E S O2 6 , N8 7  a nd OE 19 . Ga stro - o e sop h ag e a l  ce lls w e re p late d 

2 x1 0 5  ce lls/pe r w e ll an d  su pe rna ta n ts co llecte d  a fte r 7 2h . Cell de b ris w a s 

remo ve d  from su p e rnata n t b y cen trifug a tion  (30 0 rcf/3 min) a n d  rema inin g  the 

su p e rna tan t co n ce n trate d . Sa mp les w e re weste rn b lot te d  fo r b a sa l leve ls o f 

c JAM - A  (A) a cro ss t h e ce ll line s .  
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Appendix K ï Manuscripts 

(Attached at rear of Thesis) 

Published: 

Richards CE, Vellanki SH, Smith YE, Hopkins AM. Diterpenoid natural 

compound C4 (Crassin) exerts cytostatic effects on triple-negative breast 

cancer cells via a pathway involving reactive oxygen species. Cell Oncol 

(Dordr). 2018;41(1):35-46. 

Richards CE, Rutherford EJ, Hopkins AM. Cleaved JAM-A - connecting 

cancer and vascular disease? Oncotarget. 2019;10(39):3831-2. 

Vellanki SH, Richards CE, Smith, YE, Hopkins, AM The Contribution of Ig-

Superfamily and MARVEL D Tight Junction Proteins to Cancer Pathobiology. 

Cancer Pathobiology. 2016;Current Pathology Reports 2016(2):37-46. 

Vellanki SH, Cruz RGB, Richards CE, Smith YE, Hudson L, Jahns H, et al. 

Antibiotic Tetrocarcin-A Down-regulates JAM-A, IAPs and Induces Apoptosis 

in Triple-negative Breast Cancer Models. Anticancer research. 

2019;39(3):1197-204. 

In Preperation: 

Richards CE, Rutherford EJ, Sheehan K, Fay J, Hudson L, Hopkins AM. 

Junctional Adhesion Molecule-A: A novel role in gastro-oesophageal 

combination drug treatments 

(Editorial) Richards CE, Sheehan K, Hopkins AM. Tissue Microarrays: friend 

or foe when assessing heterogeneous proteins in gastro-oesophageal 

cancers? 
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Appendix L ï Presentations 

Awards 

¶ Irish Association of Cancer Research annual meeting- Professor 

Patrick Johnston Award for Excellence in cancer outreach (2018) Time 

for a new Taxol? Promising anti-cancerous properties of a natural 

compound 'C4' in triple-negative breast cancer cells – Overall winner, 

Oral Poster Award 

¶ Beaumont Translational Research Awards annual meeting (2017) Time 

for a new Taxol? Promising anti-cancerous properties of a natural 

compound 'C4' in triple-negative breast cancer cells - Overall winner, 

Scientific Display Poster Award 

¶ Irish Association of Cancer Research annual meeting (2018) Time for a 

new Taxol? Promising anti-cancerous properties of a natural compound 

'C4' in triple-negative breast cancer cells  - Shortlisted Display Poster 

¶ RCSI Research Day annual meeting - (2018) A novel role for Junctional 

Adhesion Molecule-A (JAM-A) in HER2-positive gastro-oesophageal 

cancers - Shortlisted Display Poster 

Oral Presentations 

¶ RCSI Research Day (Thesis-in-three) (2017) Natural compound 'C4' as 

a novel therapeutic in triple-negative breast cancers 

¶ Irish Epithelial Physiology Group annual meeting (2017) Novel natural 

compound with anti-cancerous properties in triple-negative breast 

cancers 

¶ Irish Association of Cancer Research annual meeting - Professor 

Patrick Johnston Award for Excellence in cancer outreach (2018) 

Outreach in Cancer Research  

¶ Irish Association of Cancer Research annual meeting- Science 

communication (2019) Junctional Adhesion Molecule-A (JAM-A): a 

novel role for cell adhesion protein in HER2-positive in gastro-

oesophageal cancers? 
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¶ RCSI Research Day (Thesis-in-three) (2019) Junctional Adhesion 

Molecule-A (JAM-A): a novel role for cell adhesion protein in HER2-

positive in gastro-oesophageal cancers? 

Display Poster Presentations     

¶ Irish Association of Pharmacologists annual meeting (2016) Natural 

compound 'C4' as a novel therapeutic in triple-negative breast cancers 

¶ Irish Association of Cancer Research annual meeting (2017) 

Investigating the anti-cancerous properties of a natural compound 'C4' 

in triple-negative breast cancers 

¶ European Association of Cancer Research annual meeting (2018) A 

novel role for Junctional Adhesion Molecule-A (JAM-A) in HER2-

positive gastro-oesophageal cancers 

¶ Beaumont Translational Research Awards annual meeting (2018) 

Gastro-oesophageal Cancers: A novel role for Junctional Adhesion 

Molecule-A (JAM-A) in HER2-positive cases? 

¶ Irish Association of Cancer Research annual meeting (2019) Junctional 

Adhesion Molecule-A (JAM-A): a novel role for a cell adhesion protein 

inn HER2-positive gastro-oesophageal cancers? 

Media Engagement     

¶ Irish Association of Cancer Research (2018) Media Workshop in 

Cancer Outreach – Selected for Presentation 

¶ Irish Times (2018) What is the postgrad experience like and how will 

you cope?' 

¶ Irish Association of Cancer Research (2019) Patient Advocate 

Workshop in Cancer Outreach 


