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ABSTRACT

Gastric cancer (GC) is one of the most common malignancies and is frequently 
fatal.  Epidemiological and biological evidence suggests GC is heterogeneous, 
with four subtypes of GC identified by the Cancer Genome Atlas (TCGA) in 
2014, however currently it is treated as one disease.  The aim of this thesis is to 
investigate how the clinical and biological inter-tumoural heterogeneity of GC 
affects survival.  

The clinical predictors of outcome were investigated for a cohort of curatively 
treated GC patients, revealing that age, stage of disease and Lauren histological 
subtype predict overall, cancer specific and relapse free survival.  The molecular 
differences between different GC stages, and histological subtype (intestinal gastric 
cancer (IGC) compared to diffuse gastric cancer (DGC)) were then investigated 
with the aim of understanding the biological basis underlying survival, relapse 
and response to treatment.  Key molecular pathways were identified as being 
differentially expressed between DGC and IGC, and having impact on survival.  
These included the transforming growth factor beta (TGF-β) signalling pathway 
with the expression of three bone morphogenic protein (BMP) antagonists from 
this pathway having associations with survival on multivariate analysis, and 
the mismatch repair (MMR) pathway with four genes from this pathway having 
impact on survival. 

BMP and activin membrane bound inhibitor (BAMBI), a gene from the TGF-β 
pathway was more highly expressed in IGC compared to DGC and was associated 
with poorer survival in IGC.  Molecular analysis of BAMBI in GC cell lines 
revealed decreased proliferation and invasion, and G0/G1 cell cycle arrest.  It 
was postulated that this change in proliferation and invasion was mediated via 
alterations in the balance of epithelial-to-mesenchymal transition (EMT) and 
mesenchymal-to-epithelial transition via a TGF-β mediated process.  Further 
analysis revealed gene expression correlation between BMP antagonists and 
EMT associated genes, revealing highest correlation with gremlin 1 (GREM1).  
Higher expression of GREM1 was also associated with poorer survival in IGC.

Another key pathway discovered as differentially expressed between DGC and 
IGC was the MMR pathway.  Microsatellite instability was also identified as a 
molecular subtype of GC by the TCGA.  The clinical and histological correlations 
of the MMR GC subtype were therefore examined.  Patients with MMR deficient 
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tumours had improved survival compared to MMR stable tumours, and a higher 
inflammatory score (IS).  The simple IS used in this thesis could be a triaging tool 
to identify tumours to take forward for formal MMR testing.

This thesis adds to the growing body of evidence that demonstrates GC is 
heterogeneous and elaborates on some of the molecular features that drive 
this inter-tumour heterogeneity.  It identifies a number of genes, pathways and 
biological associations that impact survival, and potentially response to treatment.  
This work will help in the personalisation of medical therapy for a disease that 
can no longer be treated with a one-size-fits-all mentality for therapy.  Future 
work is planned to expand the findings of this work, with the aim of translating 
these findings to the clinical setting, enabling better prognostication and more 
rational prescription of treatments for GC patients.
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CHAPTER 1

Literature Review
1.1  OVERVIEW
This thesis presents an analysis of the clinical and molecular inter-tumoural 
heterogeneity of gastric cancer (GC), and how this influences patient survival.  The 
literature review therefore begins with a summary of the current understanding 
of clinical and molecular subtypes of GC, known prognostic variables, and current 
treatment paradigms.  

1.2  EPIDEMIOLOGY OF GASTRIC CANCER
1.2.1  Incidence
GC is a significant health issue in Australia and internationally.  It is the fifth most 
common cancer and the third most common cause of cancer death in the world 
(Ferlay et al. 2015).  GC shows significant variation globally in incidence, with 
areas of Asia and Eastern Europe having the highest incidence, and North America 
and parts of Africa the lowest incidence (Figure 1.1) (Torre et al. 2015).   The 
incidence of GC globally is decreasing, although currently the fifth most common 
cancer, in 1975 it was the most common cancer in the world (Figure 1.2) (Parkin 
et al. 1984, Ferlay et al. 2013, Ferlay et al. 2015).  This changing incidence is 
thought to be due at least in part to differences in factors aetiologically associated 
with GC, discussed in more detail below (Section 1.4).   

1.2.2  Survival
Survival from GC, like incidence shows geographic variation.  Age-standardised 
five-year survival rates for GC in Japan and South Korea in 2005-2009 were greater 
than 50% (Allemani et al. 2015).  In Australia, New Zealand and many parts of 
Europe five-year survival for the same time period was in the range of 20-30%, 
and in the United Kingdom (UK) was less than 20% (Allemani et al. 2015).  In 
most countries, the five-year survival from GC has shown slow improvement over 
time (Table 1.1, Figure 1.3).  In China and South Korea there has been the greatest 
improvement in survival, with five-year survival in China of 15.3% in 1995-1999 
increasing to 31.3% in 2005-2009, and in South Korea increasing from 32.8% 
in 1995-1999 to 57.9% in 2005-2009.  Survival differences by ethnicity are also 
seen within countries, with studies showing patients born in Asian countries 
and in treated in Canada, and the United States of America (USA) having better 
survival compared to patients born in Canada or the USA (Theuer et al. 2000, Gill 
et al. 2003, Kim et al. 2010b, Kunz et al. 2012, Wang et al. 2015).  
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Figure 1.1.  Stomach cancer incidence rates by gender and world area.
Modified from Torre et al CA Cancer J Cl 2015.
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Figure 1.2.  Trends in incidence of stomach cancer in selected countries. 
Age-standardised rate per 100,000, men.  
Modified from Ferlay et al Globocan 2012.
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1.3  PATHOLOGY
Important pathological descriptors of GC include the anatomic location of the 
tumour, and the macroscopic and microscopic tumour appearance.

1.3.1  Tumour location
The stomach is made up of a number of anatomic regions and is bound proximally 
by the gastro-oesophageal junction (GOJ), and distally by the pylorus (Figure 
1.4.A).   Tumours of the GOJ can be further divided anatomically using the Siewert 
classification (Figure 1.4.B).  Type I tumours arise in the distal oesophagus and 
infiltrate the GOJ from above, type II arise at the GOJ and type III arise in the 
proximal stomach infiltrating up into the GOJ from below (Siewert and Stein 
1998, Siewert et al. 2000). 

Tumour location has been shown to have prognostic significance in some studies, 
with proximal tumours having poorer survival (Kunz et al. 2012, Kim et al. 
2013).  There are also epidemiological differences between tumours of different 
anatomic locations within the stomach.  The decrease in incidence of GC is mainly 
due to a decrease in incidence of distal GC, whereas GOJ and cardia tumours are 
increasing in incidence (Parkin et al. 1984, Kamangar et al. 2006, Camargo et al. 
2011, Dubecz et al. 2013, Ferlay et al. 2013, Ferlay et al. 2015). 

1.3.2  Histological classification systems for gastric cancer
There are a number of histological classification systems proposed for GC, 
potentially a reflection of the variability seen between and within tumours.  The 
most commonly used histological classification systems include the Lauren and 
World Health Organisation (WHO) classifications, others include the Ming and 
Goseki classifications (reviewed by Berlth et al World J Gastroenterol 2014) 
(Berlth et al. 2014).  In addition to these histological classifications which divide 
GC based on its microscopic appearance, Borrmann in 1926 classified GC into four 
subtypes based on its macroscopic growth pattern, with type I being polypoid, 
type II fungating, type III ulcerative and type IV infiltrative (Werner et al. 2001).  

Lauren described two main histological subtypes of gastric adenocarcinoma in 
1965, an intestinal gastric cancer (IGC) subtype that forms recognisable glands 
and is generally more differentiated, and a diffuse gastric cancer (DGC) subtype 
with poorly cohesive malignant cells that infiltrate diffusely in the gastric wall 
without gland formation (Figure 1.5) (Lauren 1965).  Tumours that had features 
of both subtypes were identified as mixed.  Lauren observed that as well as having 
a different microscopic appearance, these subtypes of GC showed different 
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Figure 1.4.  Anatomic regions of the stomach and GOJ.
A) Anatomic regions of the stomach, modified from AJCC Cancer Staging Manual 
(7th Edition), Springer 2010; B) Schematic illustration of the modified Siewert’s 
classification, modified from Mariette et al Lancet Oncology 2011.

A

B
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Figure 1.5.  Histological examples of diffuse and intestinal gastric cancer.
Examples from MAUGIC cohort.  A) diffuse; B) intestinal.
H&E sections, x200 magnification

A B

The WHO classification includes not only gastric adenocarcinomas, but other 
gastric tumours that have lower incidence, such as adenosquamous carcinoma, 
squamous cell carcinoma and mixed adeno-neuroendocrine carcinoma (Lauwers 
et al. 2010).  Gastric adenocarcinomas in the WHO classification are divided into 
the following categories: papillary, tubular and mucinous adenocarcinomas, 
mixed carcinomas and signet ring cell carcinomas and other poorly cohesive 
carcinomas.  

Consistent with the observations on differing patterns of survival and incidence, 
there is evidence of molecular differences between tumours arising at different 
locations and of different histological subtypes, which will be explored further 
below (Section 1.8).

1.4  RISK FACTORS AND AETIOLOGY
A number of variables have been implicated in the development of GC, including 
inflammation and infectious agents, environmental factors and genetics.  

epidemiology, with DGC occurring more frequently in younger patients and being 
more common in females (Lauren 1965, Lauren and Nevalainen 1993).  Lauren 
noted that the decline in incidence of GC in Finland was due mainly to a decline 
in IGC with no decrease in DGC and this has also been observed in GC populations 
from other geographic locations (Lauren 1965, Lauren and Nevalainen 1993, 
Henson et al. 2004, Faria et al. 2013).  Subsequently the Lauren classification 
has been identified as prognostic in some GC cohorts, with DGC showing poorer 
survival (Kim et al. 1998, Marrelli et al. 2011, Qiu et al. 2013).
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Age and gender are both non-modifiable risk factors for the development of GC.  
Globally, GC is approximately twice as common in males compared to females 
(Figure 1.1), and incidence increases with age (Forman et al. 2014, Ferlay et al. 
2015, Torre et al. 2015). 

1.4.1  Infections
1.4.1.1  Helicobacter pylori
Up to 50% of the world’s population is chronically infected with Helicobacter 
pylori (H. pylori), a Gram negative bacillus with the ability to colonise the stomach, 
with infection usually acquired in childhood (Peek and Blaser 2002, De Luca and 
Iaquinto 2004).  H. pylori was classified as a class I carcinogen by the International 
Agency for Research and Cancer (IARC) in 1994, and the association between 
chronic infection with H. pylori and the development of non-cardia IGC and DGC 
is well established (IARC 1994, Peek and Blaser 2002, De Luca and Iaquinto 2004, 
Correa and Houghton 2007, Busuttil and Boussioutas 2009).  A recent estimate 
gave a population attributable fraction (the proportion of new cases that would 
have been prevented by a hypothetical intervention on a specific exposure) of 
75% for H. pylori in non-cardia gastric adenocarcinoma (de Martel et al. 2012).  

H. pylori infection initiates step-wise changes in the gastric mucosa which in 
some people can progress to the development of GC.  Infection causes chronic 
superficial gastritis, which can develop into atrophic gastritis, then intestinal 
metaplasia, then dysplasia and finally GC, in a sequence that closely follows 
that initially described by Correa in his model of IGC carcinogenesis prior to the 
identification of H. pylori in 1989 (Figure 1.6) (Correa 1988, Peek and Blaser 
2002, Busuttil and Boussioutas 2009).  Not all persons infected with H. pylori 
develop GC, and this is thought to be due to different environmental factors, host 
genetics, and the varying oncogenic potential of different H. pylori strains (Peek 
and Blaser 2002, Fuccio et al. 2010, Conteduca et al. 2013).

Figure 1.6.  Histological progression to gastric cancer associated with 
H.pylori infection.
Modified from Busuttil and Boussioutas, J Gastroenterol Hepatol 2009
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1.4.1.2  Epstein-Barr virus
H. pylori is not the only infectious agent implicated in the development of GC.  
Infection with Epstein-Barr virus (EBV), a herpes virus, is found in just under 
10% gastric adenocarcinomas (Young and Rickinson 2004, Murphy et al. 2009, 
Camargo et al. 2014).  EBV associated GC has distinct clinical and histological 
characteristics, being found more commonly in cardia GCs, remnant cancers and 
in males, and being less differentiated and associated with a strong lymphocytic 
infiltrate (Nakamura et al. 1994, Akiba et al. 2008, Camargo et al. 2014).  EBV 
positive GC is also associated with improved survival (Nakamura et al. 1994, 
Camargo et al. 2014). 

1.4.2  Environmental and lifestyle factors
As with many cancers, lifestyle factors have been implicated in the risk of 
developing GC including smoking, diet, and physical activity.  Tobacco smoking 
has been shown to increase the risk of developing GC, and is associated with 
higher rates of recurrence and GC related death (Gonzalez et al. 2003, Koizumi 
et al. 2004, Smyth et al. 2012b).  A number of studies have implicated different 
dietary components as having impact on GC risk, and the WHO classifies a diet 
high in salt preserved foods as having a probable association with increased risk 
for GC development, and one high in fruits and vegetables as having a decreased 
risk (World Health Organisation 2003).  

Physical activity and obesity have also been implicated in the risk of developing GC.  
An analysis of physical activity data from the European Prospective Investigation 
into Cancer and Nutrition (EPIC) study, a prospective study involving more than 
500,000 people across ten European countries between 1992 and 2000, found 
a lower risk of GC with higher levels of physical activity for non-cardia, but not 
cardia GC (Huerta et al. 2010).  A meta-analysis of over 15,000 cases found an 
inverse association between physical activity and risk of GC regardless of tumour 
location, but with stronger effect in non-cardia GC (Behrens et al. 2014).  In EPIC 
study participants a positive association of all obesity measurements was found 
with risk of oesophageal cancer (OC) and cardia GC, but not for non-cardia GC 
(Steffen et al. 2015).  In this analysis of the EPIC study body mass index (BMI) 
did not have a statistically significant impact on risk of GC regardless of tumour 
location, however two meta-analyses have identified an association between BMI 
and cardia GC.  The first, which examined the relationship between BMI and OC 
and cardia GC including nearly 8,000 cases, found increasing BMI was associated 
with higher risk of cardia GC and OC (Turati et al. 2013).  The second meta-
analysis examined the impact of BMI on GC risk, involving over 40,000 GC cases 
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in a total population of more than 10 million people also found an association 
with increasing BMI and increased risk of cardia GC, but again not non-cardia GC 
(Chen et al. 2013b). 

In summary a number of environmental factors have been implicated in risk 
of developing GC, with different risk factors for non-cardia and cardia GC, 
suggesting that the aetiology of tumours from different anatomical locations in 
the stomach is different.  Changes in environmental exposures have also been 
implicated in the changing incidence of GC.  Improvement in living standards 
potentially decreasing the prevalence of H. pylori infection, and the decreased 
need for salt preservation with the advent of refrigeration have been suggested as 
contributing to the decrease in non-cardia GC (Palli 2000, Peek and Blaser 2002, 
Guggenheim and Shah 2013).  The increase in BMI of the general population has 
been suggested as one reason behind the rise in incidence of cardia GC (and OC) 
(Buas and Vaughan 2013, Hazelton et al. 2015).

1.4.3  Genetics
A positive family history is a known risk factor for GC.  The majority of familial 
cases are considered sporadic and likely influenced by shared lifestyle and 
environmental exposures (La Vecchia et al. 1992, Palli et al. 1994).  It is thought 
that 1-3% of all GCs occur as part of a known hereditary syndrome, including 
hereditary diffuse gastric cancer (HDGC), Lynch syndrome or hereditary non-
polyposis colorectal cancer (HNPCC), hereditary breast and ovarian cancer, 
familial adenomatous polyposis (FAP), and Peutz-Jaghers syndrome (Yaghoobi 
et al. 2010, Pattison and Boussioutas 2015).

1.5  PROGNOSTIC VARIABLES
There are a number of variables that have been identified as prognostic in GC, 
some of which have already been discussed above, and these can be divided in to 
those that are related to the tumour, the host, and also treatment variables.

1.5.1  Tumour related variables
A number of tumour related variables have consistently been reported as 
prognostic in GC, including the depth of tumour invasion, the number of positive 
lymph nodes, the presence of distant metastases, the overall stage, the location of 
the tumour within the stomach, with proximal tumours showing poorer survival, 
and the presence of lymphovascular invasion (LVI) and tumour differentiation 
(Maruyama 1998, Siewert et al. 1998, Edge et al. 2010, Huang et al. 2011, Han et 
al. 2012, Kunz et al. 2012).  A number of other factors have shown evidence of 
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prognostic significance in the literature.  These include the presence of perineural 
invasion (PNI) and the histological classification (Kim et al. 1998, Bilici et al. 
2010, Marrelli et al. 2011, Qiu et al. 2013).

1.5.2  Host related variables
Two host related variables, in addition to ethnicity as noted above, have been 
reported as being prognostic in GC in some studies.  Patient age has been 
identified as an independent predictor of overall and disease free survival, with 
older patients having poorer survival (Kim et al. 1998, Tokunaga et al. 2009, 
Bilici et al. 2010, Huang et al. 2011, Marrelli et al. 2011, Yang et al. 2011, Han 
et al. 2012, Kunz et al. 2012).  Gender has also been identified as a prognostic 
variable, with females having a lower risk of dying from early and metastatic GC 
(Tokunaga et al. 2009, Huang et al. 2011, Yang et al. 2011, Han et al. 2012, Kunz 
et al. 2012).  However other studies have identified no association with outcome 
for age or gender (Maruyama 1998, Siewert et al. 1998, Lepage et al. 2010, Song 
et al. 2014b). 

1.5.3  Treatment related variables
Surgery is the only curative treatment for GC, and is a major prognostic factor, 
with patients who are unable to undergo surgery having a median survival of 
three to eleven months (Edge et al. 2010).  The goal of surgery is to achieve a 
microscopically complete resection with patients who have residual disease 
after surgery, either microscopic or macroscopic having poorer survival (Siewert 
et al. 1998).  

The prognostic impact of extent of lymphadenectomy has been examined in 
Western populations, and is still debated.  Anatomically, the draining lymph 
nodes of the stomach have been divided into a number of stations (Figure 1.7) 
(Japanese Gastric Cancer 2011a, Schmidt and Yoon 2013).  Dissection of the peri-
gastric lymph nodes (stations 1-7) defines a D1 lymph node dissection, a more 
extended lymph node dissection that includes those nodal stations along the 
hepatic, left gastric, coeliac, and splenic arteries, and the splenic hilum defines a 
D2 dissection (Japanese Gastric Cancer 2011b). Addition of the para-aortic lymph 
nodes defines a D3 lymph node dissection, no survival benefit for this procedure 
has been demonstrated in Asian populations (Sasako et al. 2008, Chen et al. 2010).  
In Japan a D2 dissection is considered safe, and has been routine practice for 
many years, and as a result it is unlikely a trial comparing D2 to D1 dissection will 
ever be carried out in this population (Japanese Gastric Cancer 2011b, Tamura 
et al. 2011).  In Western populations, two large randomised controlled trials 
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comparing D1 to D2 dissection have been performed, one by the Dutch Gastric 
Cancer Group (Bonenkamp et al. 1995, Hartgrink et al. 2004, Songun et al. 2010), 
and one by the Medical Research Council (MRC) Gastric Cancer Surgical group 
from the UK (Cuschieri et al. 1996, Cuschieri et al. 1999).  Patients assigned to 
a D2 lymphadenectomy in both trials had greater postoperative morbidity and 
mortality.  In the MRC trial there was no difference in five-year survival between 
the two groups (33% vs 35%)(Cuschieri et al. 1999).  In the Dutch trial, again 
there was no difference in survival at five years, but at 15 year follow up the GC 
related death rate was higher in the D1 group (48%), compared to the D2 group 
(37%) (Bonenkamp et al. 1999, Songun et al. 2010).  Death due to other causes 
was similar in both groups, as was overall survival (OS) (Bonenkamp et al. 1999, 
Songun et al. 2010).  Both trials have been criticised for being underpowered, 
for noncompliance (not removing all lymph node stations), contamination 
(removing more lymph node stations than was indicated), and the inclusion of 
splenectomy and distal pancreatectomy as part of the D2 dissection procedure, 
increasing the post-operative morbidity.  

Figure 1.7.  Selected regional lymph nodes of the stomach according to the 
Japanese Gastric Cancer Association.
A) Location description; B) Peri-gastric lymph nodes stations 1-6; C) Second tier 
lymph node stations 7-12 and 14.  
Adapted from Schmidt and Yoon, J Surg Oncol 2013 and Japanese Gastric Cancer Association, 
Gastric Cancer 2011.

A B

C
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Two recent meta-analyses have examined the survival benefit of lymphadenectomy 
extent (El-Sedfy et al. 2015, Mocellin and Nitti 2015).  Mocellin and Nitti examined 
both D1 vs D2 and D2 vs D3, whereas El-Sedfy et al examined only studies where 
D1 was compared with D2 lymphadenectomy.  No difference in OS was identified 
for a D3 lymphadenectomy over a D2 lymphadenectomy (Hazard ratio (HR) D3 
vs D2 0.99, 95% confidence interval (CI) 0.81-1.21, p = 0.92) (Mocellin and Nitti 
2015).  Neither meta-analysis identified an OS benefit for D2 lymphadenectomy 
compared to D1. Mocellin and Nitti also examined disease specific survival and 
found a survival benefit favouring D2 lymphadenectomy (HR D2 vs D1 0.81, 
95% CI 0.71-0.92, p = 0.002) (Mocellin and Nitti 2015).  El-Sedfy et al performed 
subgroup analyses examining OS by T stage and nodal positivity, and found 
some evidence of improved OS for higher stage patients who underwent D2 
lymphadenectomy (T3 patients, Odds Ratio (OR) D1 vs D2 1.64, 95% CI 1.01-
2.67, p <0.05; Node positive patients, OR D1 vs D2 1.36, 95% CI 0.98-1.87, p = 
0.06) (El-Sedfy et al. 2015).  Despite the lack of evidence supporting extended 
lymphadenectomy, D2 dissection is increasingly being regarded as the standard 
of care in Western countries (Waddell et al. 2013b, NCCN 2015).

The number of lymph nodes resected, and the ratio of lymph nodes involved to 
total lymph nodes resected (node ratio) has also been identified as prognostic in 
GC, with patients having 15 or less lymph nodes resected or with a higher node 
ratio having poorer survival (Siewert et al. 1998, Smith et al. 2005, Schwarz and 
Smith 2007, Son et al. 2012).  

Other variables related to surgery that have been reported as prognostic in GC 
include the surgical procedure and the volume of procedures performed.  Patients 
undergoing partial gastrectomies have better survival than those undergoing 
total gastrectomies in some cohorts (Tokunaga et al. 2009, Lepage et al. 2010).  As 
proximal tumours are more likely to require a total gastrectomy, this observation 
may potentially be confounded by tumour location as proximal tumours have 
also been shown to have poorer survival in some cohorts (Han et al. 2012, Kunz 
et al. 2012).  Tumour location was not accounted for in the study by Tokunaga 
et al, but was in the study by Lepage et al.   The prognostic impact of volume 
of procedures performed at both hospital and surgeon level has been examined 
for GC, with some studies identifying higher volumes as being associated with 
improved prognosis, and in others having no prognostic impact, with variations 
in what is considered a high volume centre (Birkmeyer et al. 2002, Hannan et al. 
2002, Gruen et al. 2009, Dikken et al. 2012, Thomson et al. 2013, Mamidanna et 
al. 2015).
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1.6  DIAGNOSIS AND STAGING
1.6.1 Diagnosis
There are no typical signs or symptoms of GC.  Because symptoms are often non-
specific and vague patients frequently present with advanced disease (Allum 
et al. 2011, Thrumurthy et al. 2013).  In Japan and Korea where the prevalence 
of GC is higher, screening programs have been implemented and are thought to 
partially contribute to the improved survival seen in these countries (Leung et 
al. 2008).  Endoscopy with biopsy is the diagnostic procedure of choice for GC 
(Allum et al. 2011, Thrumurthy et al. 2013, Waddell et al. 2013b).

1.6.2 Staging
Staging aims to define the extent of disease to assist with treatment planning, 
and also provides prognostic information.  The most commonly used staging 
system is that of the American Joint Committee on Cancer (AJCC) TNM staging 
system, which is currently in its 7th edition (Table 1.2) (Edge et al. 2010).  T stage 
is determined by depth of invasion through the stomach wall and invasion into 
adjacent structures, N stage by the number of involved lymph nodes, and M 
stage by the presence or absence of distant metastases, with positive peritoneal 
cytology classified as distant metastatic disease.  

In the 7th edition of the AJCC staging manual, GOJ tumours and tumours that 
occur in the proximal 5 cm of the stomach are staged as for OC (Figure 1.4) (Edge 
et al. 2010).  This is a change from the 6th edition, where GOJ tumours could be 
staged as GC or OC depending on location (whether the majority of the tumour 
was above or below the GOJ), and histology with squamous cell, small cell and 
undifferentiated GOJ tumours staged as OC, and adenocarcinomas as GC (Greene 
et al. 2002).  This change highlights the difficulties in defining GC tumours by 
location alone. 

The investigations that are recommended to determine disease stage in GC in 
addition to physical examination and endoscopy include computed tomography 
(CT) of the thorax, abdomen and pelvis in all patients, and staging laparoscopy 
in patients with locally advanced disease.  CT is useful in identifying distant solid 
organ metastases, but less useful in defining T and N stage (Seevaratnam et al. 
2012, Mocellin and Pasquali 2015).  In patients with locally advanced disease 
the addition of laparoscopy has been shown to identify peritoneal metastases in 
approximately one third of patients (Burke et al. 1997, Sarela et al. 2006, Muntean 
et al. 2009, Power et al. 2009).  Patients with positive peritoneal cytology in the 
absence of visible peritoneal metastatic disease have been shown to have similar 
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survival to patients with gross peritoneal metastatic disease and therefore the 
assessment of peritoneal cytology during laparoscopy is also a useful staging 
procedure for GC (Bentrem et al. 2005, Badgwell et al. 2008, Nath et al. 2008).

Primary tumour (T)
TX Primary tumour cannot be assessed
T0 No evidence of primary tumour
Tis Carcinoma in situ: intraepithelial tumour without invasion of the 

lamina propria
T1 Tumour invades lamina propria, muscularis mucosae or 

submucosa
T1a Tumour invades lamina propria or muscularis mucosae
T1b Tumour invades submucosa

T2 Tumour invades muscularis propria
T3 Tumour penetrates subserosal connective tissue without invasion 

of visceral peritoneum or adjacent structures*
T4 Tumour invades serosa (visceral peritoneum) or adjacent 

structures*
T4a Tumour invades serosa (visceral peritoneum)
T4b Tumour invades adjacent structures

*Adjacent structures of the stomach include the spleen, transverse colon, liver, 
diaphragm, pancreas, abdominal wall, adrenal gland, kidney, small intestine 
and retroperitoneum

Regional lymph nodes (N)
NX Regional lymph node(s) cannot be assessed
N0 No regional lymph node metastasis
N1 Metastasis in 1 to 2 regional lymph nodes
N2 Metastasis in 3 to 6 regional lymph nodes
N3 Metastasis in more than 7 regional lymph nodes

N3a Metastasis in 7-15 regional lymph nodes
N3b Metastasis in 16 or more regional lymph nodes

Distant metastasis (M)
M0 No distant metastasis
M1 Distant metastasis

Table 1.2.  Gastric cancer staging, AJCC 7th edition.  
Modified from Edge et al AJCC Cancer Staging Manual (7th Edition), Springer 2010.
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Anatomic stage/prognostic groups
Stage 0 Tis N0 M0
Stage IA T1 N0 M0
Stage IB T2 N0 M0

T1 N1 M0
Stage IIA T3 N0 M0

T2 N1 M0
T1 N2 M0

Stage IIB T4a N0 M0
T3 N1 M0
T2 N2 M0
T1 N3 M0

Stage IIIA T4a N1 M0
T3 N2 M0
T2 N3 M0

Stage IIIB T4b N0 M0
T4b N1 M0
T4a N2 M0
T3 N3 M0

Stage IIIC T4b N2 M0
T4b N3 M0
T4a N3 M0

Stage IV Any T Any N M1

Table 1.2.  Gastric cancer staging, AJCC 7th edition, continued.
Modified from Edge et al AJCC Cancer Staging Manual (7th Edition), Springer 2010.

Additional staging procedures where available include fluorodeoxyglucose 
positron emission tomography (FDG-PET)/CT and endoscopic ultrasound (EUS).  
FDG-PET/CT may improve staging via identification of involved lymph nodes or 
metastatic disease not identified by other staging methods.  In a series of 113 
patients 11 (10%) patients had occult metastatic disease identified by FDG-
PET/CT, and 21 (19%) by laparoscopy, with only one patient having metastases 
identified at both laparoscopy and on FDG-PET/CT (Smyth et al. 2012a).  The 
efficacy of FDG-PET is limited by the differing avidity of some GCs, with a lower 
proportion of DGCs showing FDG avidity (44% in Smyth et al) than IGCs (97% in 
Smyth et al) (Smyth et al. 2012a). The lower FDG avidity of DGC is due to lower 
expression of glucose transporter 1 (GLUT-1), and potentially the lower density 
of cancer cells and the presence of metabolically inactive mucin (Smyth et al. 
2012a, Wu and Zhu 2014).  
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EUS can be used to assist in determining T stage and N stage for GC.  This is 
important as patients with T1/2 N0 tumours are currently recommended to have 
primary surgery, avoiding the need for neoadjuvant therapy, whereas those with 
higher T stage tumours or node positive tumours should be offered neoadjuvant 
or adjuvant therapies in addition to surgery (discussed further in Section 1.7.1).  
The accuracy of EUS in pre-operative staging for GC is the subject of a recent 
Cochrane review of 66 studies (Mocellin and Pasquali 2015).   In distinguishing 
T1/2 tumours from T3/4 tumours EUS was found to have a sensitivity of 0.86 
and specificity of 0.90, and for distinguishing N0 from N+ tumours a sensitivity 
of 0.83 and specificity of 0.67.

All of the potential staging modalities available for GC have limitations, which 
need to be kept in mind when requesting investigations and interpreting results.  
The staging guidelines for GC of both the European Society of Medical Oncology 
(ESMO) and the National Comprehensive Cancer Network (NCCN) reflect these 
limitations, in that they suggest a variety of techniques, but do not prescribe 
specific modalities nor a staging pathway (Waddell et al. 2013b, NCCN 2015).

1.7  TREATMENT
Stage of disease is the main determinant of what therapy is recommended for 
any cancer, and the same holds true for GC.  Early stage disease (T1 or T2 and N0) 
is treated with primary surgical resection alone.  Higher stage disease without 
distant metastases that is surgically resectable is treated with curative intent, 
and the therapies that are recommended in addition to surgery vary throughout 
the world.  At present this variation is not based on an understanding of the 
differences in biology, but rather on geography. 

1.7.1  Curative treatment
1.7.1.1 Surgery
Surgery is the only curative treatment for gastric cancer, and as discussed above 
is a major prognostic factor.  The recommended extent of surgery still varies 
globally, with debate over the survival benefit of extended lymphadenectomy in 
Western populations (Edge et al. 2010, Japanese Gastric Cancer 2011b, El-Sedfy 
et al. 2015, Mocellin and Nitti 2015, NCCN 2015).  The current NCCN guidelines 
recommend the resection and examination of 15 or more lymph nodes, and the 
AJCC recommend at least 16 lymph nodes be pathologically assessed for staging 
purposes (Edge et al. 2010, NCCN 2015).  
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1.7.1.2 Neoadjuvant and adjuvant therapies
Because of poor survival from surgery alone, chemotherapy and/or radiotherapy, 
in a neoadjuvant or adjuvant setting have been combined with surgery for GCs 
that are stage II or higher or node positive.  Currently in different regions of the 
world different regimens are standard.  In many Western European countries, 
peri-operative chemotherapy with epirubicin, cisplatin and 5-fluorouracil (ECF) 
is the standard, following the MAGIC study published in 2006.  In this study 
patients who received peri-operative chemotherapy had a higher OS (HR for 
death for peri-operative chemotherapy compared to surgery alone 0.75, 95% CI 
0.60-0.93, p = 0.009) and progression free survival (PFS) (HR 0.66, 95% CI 0.53-
0.81, p <0.001) (Cunningham et al. 2006).  In North America, chemoradiotherapy 
remains common, following the Intergroup 0116 trial comparing post-operative 
chemoradiotherapy with 5-fluorouracil (5-FU) to surgery alone (Macdonald 
et al. 2001).  With more than ten years follow up there is a persisting benefit 
for chemoradiotherapy for both OS (HR for death for surgery alone compared 
to chemoradiotherapy 1.32, 95% CI 1.10-1.60, p = 0.0046), and relapse free 
survival (RFS) (HR 1.51, 95% CI 1.51-1.83, p <0.001) (Smalley et al. 2012).  In 
Asian populations, adjuvant chemotherapy has shown a survival benefit after 
D2 lymphadenectomy.  The ACTS-GC trial from Japan compared one year of oral 
S-1 chemotherapy to surgery alone (Sasako et al. 2011).  Adjuvant S-1 showed 
improved OS (HR for death for S-1 compared to surgery alone 0.67, 95% CI 0.54-
0.82) and RFS (HR 0.65, 95% CI 0.54-0.79) (Sasako et al. 2011).  The CLASSIC 
trial, from Korea, China and Taiwan compared six months of capecitabine and 
oxaliplatin to surgery alone, and the chemotherapy arm showed improved OS 
(HR for chemotherapy 0.66, 95% CI 0.51-0.85, p = 0.0015) and disease free 
survival (DFS) (HR 0.58, 95% CI 0.47-0.72, p < 0.0001) (Noh et al. 2014).

The poor survival from curative surgery, even with the addition of adjuvant or 
peri-operative treatment, particularly in Western countries, is highlighted by 
the survival seen in the above trials.  The five year survival in the MAGIC trial 
was 36% for the peri-operative chemotherapy group and 23% for the surgery 
only group (Cunningham et al. 2006).  In the Intergroup 0116 trial three year 
survival rates were 50% in the chemoradiotherapy arm compared to 41% in the 
surgery only arm (Macdonald et al. 2001).  This compares poorly to the two trials 
of adjuvant chemotherapy in Asian countries described above.  Five year OS in 
the ACTS-GC trial was 71.8% in the chemotherapy arm, and 61.1% in the surgery 
alone group (Sasako et al. 2011).   In the CLASSIC trial five year OS was 68% in 
the chemotherapy arm and 53% in the surgery only arm (Noh et al. 2014).
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Although there is no clearly superior strategy for treatment, for patients with 
locally advanced GC, the conclusion from the above studies is that the addition 
of neoadjuvant, peri-operative or adjuvant therapy in addition to surgery 
improves survival.  For Western patients, there are two alternative standards 
of care; perioperative chemotherapy or postoperative radiation, while for Asian 
patients the standard of care is adjuvant chemotherapy.  Ongoing clinical trials 
are attempting to define the optimal treatment strategy in these two patient 
populations.
  
1.7.2 Non-curative treatment
In the setting of non-curative treatment for GC, as in any incurable cancer, 
the potential benefits of symptom control and improved survival need to be 
balanced with potential treatment related morbidity and mortality.  An individual 
assessment of this balance should be made for each patient with their treating 
team.

1.7.2.1  First line systemic therapy
The benefits of palliative chemotherapy on survival in metastatic GC were 
assessed in a meta-analysis published in 2010 (Wagner et al. 2010).  This study 
identified three randomised trials encompassing 185 patients that compared 
chemotherapy (all combination regimens) to best supportive care (BSC) and 
demonstrated an improvement in median OS in favour of chemotherapy (11 
months vs 4.3 months BSC, HR 0.37, 95% CI 0.24-0.55, p <0.0001).  A benefit 
of combination chemotherapy over single agent (generally 5-FU) chemotherapy 
was also demonstrated over 13 studies including 1,914 patients (median OS 8.3 
months combination vs 6.7 months single agent, HR 0.82, 95% CI 0.74-0.90, p = 
0.00003).  The combination regimens showed a higher response rate (RR), but 
also increased toxicity.  Only one study included in this meta-analysis assessed 
quality of life.  This trial compared two different combination chemotherapy 
regimens (5-FU/leucovorin(LV)/cisplatin and 5-FU/LV/irinotecan) with 5-FU/
LV (Bouche et al. 2004).  In all three arms patients had improved quality of life 
scores compared to pre-treatment with no greater improvement in quality of life 
seen in the combination arms compared to 5-FU alone.  Overall, there is a lack of 
data on the impact of palliative chemotherapy on quality of life in metastatic GC.

Although the benefit of palliative chemotherapy on survival has been 
demonstrated, no regimen is yet considered gold standard, and as in the curative 
setting regimens vary based on geography.  Current clinical guidelines do not 
recommend an optimal regimen, and in fact do not distinguish OC from GC, nor 
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histological subtype in the metastatic setting (NCCN 2015).  Generally first line 
chemotherapy regimens in GC contain a platinum with a fluoropyrimidine as a 
doublet, and occasionally as a triplet combination with an anthracycline (usually 
epirubicin) or taxane (usually docetaxel) (Table 1.3) (Van Cutsem et al. 2006, 
Cunningham et al. 2008, Koizumi et al. 2008, Waddell et al. 2013b, NCCN 2015).  

A number of phase III trials have demonstrated the equivalence of 5-FU and 
Capecitabine or S-1 in this setting (Cunningham et al. 2008, Boku et al. 2009, 
Kang et al. 2009, Ajani et al. 2010).  A meta-analysis of the REAL-2 (Cunningham 
et al. 2008) and ML17032 (Kang et al. 2009) trial data suggests capecitabine 
may be more efficacious than 5-FU (Okines et al. 2009).  Okines et al compared 
survival in patients receiving capecitabine containing regimens (654 patients) 
to 5-FU containing regimens (664 patients) in the two above trials, and found an 
improvement in OS in favour of capecitabine (median OS 322 days capecitabine vs 
285 days 5-FU, HR 0.87, 95% CI 0.77-098, p = 0.027) (Okines et al. 2009).  At least 
three phase III trials have demonstrated equivalence of cisplatin to oxaliplatin in 
the treatment of metastatic GC (Al-Batran et al. 2008, Cunningham et al. 2008, 
Yamada et al. 2015).  

Table 1.3 provides a summary of selected phase III trials examining combination 
chemotherapy regimens in the first line setting in metastatic GC in Western 
populations.  Although the primary outcomes in these trials are not consistent, 
the EOX (epirubicin, oxaliplatin, capecitabine) subgroup in the REAL-2 trial has 
the longest reported median OS of 11.2 months, and a superior OS to ECF, the 
control arm of the REAL-2 trial (median OS 9.9 months, HR 0.80, 95% CI 0.66-
0.97, p = 0.02) (Cunningham et al. 2008).  Guimbaud et al, who compared ECX 
(epirubicin, cisplatin, capecitabine) to FOLFIRI (5-FU, LV and irinotecan) in the 
first line setting, with the alternate regimen pre-defined as a second line regimen, 
found equivalence of FOLFIRI as a non-platinum containing regimen, with time to 
treatment failure the primary end point for this study (Guimbaud et al. 2014).  Of 
note, in all of these trials less than 50% of patients showed response, highlighting 
that less than half of patients with metastatic GC will have a response to the 
currently used first line chemotherapeutics.

The only positive phase III trial for targeted therapy for metastatic GC in the 
first line setting to date has been the TOGA trial, which compared the addition 
of trastuzumab, a humanised IgG monoclonal antibody directed against the 
human epidermal growth factor receptor 2 (HER2), to CF (cisplatin, 5-FU) or 
CX (cisplatin, capecitabine) in HER2 positive GOJ or GC (Bang et al. 2010). The 
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Table 1.3.  Selected phase III trials in metastatic gastric cancer, first line 
setting.

V325, Van Cutsem et al J Clin Oncol 2006¶

n Median OS 
(months)

Response rate Time to 
progression 

(months)

Death within 30 
days

CF 224 8.6 25% (20-32) 3.7 8.5%
DCF 221 9.2 37% (30-43) 5.6 10.4%

REAL-2, Cunningham et al NEJM 2008*
n Median OS 

(months)
Response rate Median PFS 

(months)
Death within 60 

days
ECF 263 9.9 41% (35-47) 6.2 7.2%
ECX 250 9.9 46% (35-53) 6.7 5.6%
EOF 245 9.3 42% (36-49) 6.5 5.7%
EOX 244 11.2 48% (42-54) 7.0 6.1%

Guimbaud et al J Clin Oncol 2014¶

n Median OS 
(months)§

Response rate 
(1st line therapy)

Time to treatment 
failure (months)

Treatment 
related deaths

ECX 209 9.5 39.2% 4.2 3.3%
FOLFIRI 207 9.7 37.8% 5.1 2.4%

¶ Includes GOJ and GC
* Includes OC (including squamous cell carcinoma), GOJ and GC
§ Trial predetermined cross over to alternate regimen, 48% ECX arm received FOLFIRI, 39% 

FOLFIRI arm received ECX

Metastatic or 
unresectable GC

Poor performance 
status

HER2 negative HER2 positive

BSC or 
single agent 

fluoropyrimidine

Doublet or triplet 
chemotherapy *

*Tailor depending on patient preference, performance status, co-morbidity, funding and availability

Figure 1.8.  Summary of first line treatment options in metastatic gastric 
cancer.

CF or CX plus 
trastuzumab
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addition of trastuzumab resulted in an improvement in median OS (13.8 months 
with trastuzumab vs 11.1 months, HR 0.74, 95% CI 0.60-0.91, p = 0.005) and 
RR (47% with trastuzumab vs 35%, p = 0.002).  A summary of first line therapy 
options for metastatic GC is described in Figure 1.8.

1.7.2.2  Second line systemic therapy and beyond
Systemic therapy given in the second line setting and beyond is determined by 
previous therapies, side effect profiles, performance status and availability of 
agents.  As with first line chemotherapy, the balance between efficacy, toxicity 
and quality of life needs to be considered, and the same decisions on single agent 
versus combination regimens need to be made.  In addition, there is evidence of 
efficacy of additional targeted therapies in the second line setting. 

There is strong evidence from phase III trials performed in different ethnic 
groups of improved survival with second line chemotherapy compared to BSC 
in metastatic GC, however as in the first line setting, the information on quality 
of life is less robust.  Selected phase III trials examining chemotherapy in the 
second line setting in metastatic GC are described in Table 1.4, and demonstrate 
again that there is no optimal regimen with none showing superior survival effect 
(Thuss-Patience et al. 2011, Kang et al. 2012, Hironaka et al. 2013, Ford et al. 
2014, Guimbaud et al. 2014).  The majority of these trials included only patients 
who had progressed on, or within six months of first line chemotherapy.   For 
patients who show response to a first line regimen, and disease progression is 
demonstrated more than three months after treatment cessation, a re-challenge 
with their initial treatment regimen would also be a treatment option (Okines et 
al. 2010). 

Two phase III trials have demonstrated benefit of ramucirumab, a human IgG1 
monoclonal antibody against vascular endothelial growth factor receptor 2 
(VEGFR2), in the second line setting for metastatic GC, one in combination with 
paclitaxel and one as single agent.  Both found an improvement in median OS with 
ramucirumab, with no increase in adverse events reported (Table 1.4) (Fuchs et 
al. 2014, Wilke et al. 2014).  

A number of negative phase III trials examining targeted therapies in the 
treatment of metastatic and unresectable GC have been published, and selected 
trials are briefly described in Table 1.5.  Two studies, REAL-3 examining the 
epidermal growth factor receptor (EGFR) monoclonal antibody panitumumab, 
and RILOMET-1 examining rilotumumab a monoclonal antibody against 
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Table 1.4.  Selected phase III trials in metastatic gastric cancer, second line 
setting and beyond.

Thuss-Patience et al J Clin Oncol 2011¶

n Median OS 
(months)

Response rate Adverse events Treatment 
related deaths

BSC 19 2.4 Not assessed Not reported NA

BSC + irinotecan 21 4.0 No objective 
responses

53% stable disease

26% G3 diarrhoea
16% G3/4 neutropaenia

0

Kang et al J Clin Oncol 2012 ∫

n Median OS 
(months)

Response rate Adverse events Death within 30 
days

BSC 62 3.8 Not assessed Anaemia 30%
Fatigue 26%

2%

BSC + docetaxel 
or irinotecan

126 5.3 10.6% docetaxel
8.3% irinotecan

Anaemia 31%
Fatigue 18%

2%

COUGAR-02, Ford et al Lancet Oncol 2014*

n Median OS 
(months)

Response rate Grade IV adverse 
events

Treatment 
related deaths

BSC 84 3.6 Not assessed 3.6% 0

BSC + docetaxel 84 5.2 7% 21% 0

WJOG 4007, Hironaka et al J Clin Oncol 2013 ∫

n Median OS 
(months)

Response rate Treatment 
discontinuation due to 

adverse events

Treatment 
related deaths

Paclitaxel 108 9.5 20.9% 5.6% 0

Irinotecan 111 8.4 13.6% 9.1% 2 (1.8%)

Guimbaud et al J Clin Oncol 2014¶

n Median OS  
from 1st line Rx 

(months)§

Response rate Grade III/IV adverse 
events

Treatment 
related deaths

FOLFIRI 101 9.5 13.7% 67% 2 (2%)

ECX 81 9.7 10.1% 72% 2 (2.5%)

REGARD, Fuchs et al Lancet 2014 ¶

n Median OS 
(months)

Objective response 
rate

Grade III or higher 
adverse events

Treatment 
related deaths

Placebo 117 3.8 2.6% (3) 58% 2 (2%)

Ramucirumab 238 5.2 3.4% (8) 57% 5 (2%)

RAINBOW, Wilke et al Lancet Oncol 2014 ¶

n Median OS 
(months)

Objective response 
rate

“Serious” adverse 
events

Treatment 
related deaths

Paclitaxel + 
placebo

335 7.4 16.1% (53) 42% 5 (2%)

Paclitaxel + 
ramucirumab

330 9.6 27.9% (92) 47% 6 (2%)

¶ Includes GOJ and GC
∫ GC only
* Includes OC (including squamous cell carcinoma), GOJ and GC
§ Trial predetermined cross over to alternate regimen, 48% ECX arm received FOLFIRI, 39% FOLFIRI arm received ECX, 

OS is given from commencement of first line therapy
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Table 1.5.  Selected negative phase III trials of targeted therapy in metastatic 
gastric cancer.

Angiogenesis
Trial Line of 

therapy
Targeted agent Chemotherapy Population and 

primary outcome
AVAGAST
(Ohtsu et al J Clin Oncol 
2011)

First Bevacizumab
(MAb against 

VEGFA)

Cisplatin + 
capecitabine or 

5-FU

Unselected GC or GOJ
No improvement in OS

AVATAR
(Shen et al Gastric Cancer 
2015)

First Bevacizumab
(MAb against 

VEGFA)

Cisplatin + 
capecitabine

Unselected GC or GOJ
No improvement in OS

Epidermal growth factor receptor
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
EXPAND
(Lordick et al Lancet 
Oncol 2013)

First Cetuximab
(MAb)

Cisplatin + 
capecitabine

Unselected GC or GOJ
No improvement in PFS

REAL-3
(Waddell et al Lancet 
Oncol 2013)

First Panitumumab
(MAb)

Epirubicin + 
oxaliplatin + 
capecitabine

Unselected GC, GOJ and OC
OS worse with 

panitumumab (HR 1.37, 
95% CI 1.07-1.76)

PI3K/mTOR pathway
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
GRANITE-1
(Ohtsu et al J Clin Oncol 
2013)

Second or 
third

Everolimus
(mTOR inhibitor)

BSC Unselected GC or GOJ
No improvement in OS

MET/Hepatocyte growth factor (HGF)
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
RILOMET-1
(Cunningham et al J Clin 
Oncol 2015 - abstract)

First Rilotumumab
(MAb against HGF)

Epirubicin 
+ cisplatin + 
capecitabine

HER2 negative, MET 
positive GC or GOJ

Stopped early due to 
higher rate of death wi 

Rilotumumab

Multi targeted tyrosine kinase inhibitors (TKIs)
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
TyTAN-A
(Satoh et al J Clin Oncol 
2014)

Second Lapatinib 
(EGFR and HER2)

Paclitaxel HER2 positive GC
No improvement in OS

TRIO-013/LOGiC
(Hecht et al J Clin Oncol 
2015)

First Lapatinib
(EGFR and HER2)

Capecitabine + 
oxaliplatin

HER2 positive GC, GOJ 
and OC

No improvement in OS
MAb - monoclonal antibody, TKI - tyrosine kinase inhibitor

hepatocyte growth factor (HGF), have shown poorer survival with the addition 
of the targeted therapy to chemotherapy, despite showing promising results in 
phase II trials (Waddell et al. 2013a, Cunningham et al. 2015).  



25

Other targeted agents have been explored in phase II trials in GC, with mixed 
results (Table 1.6).  These trials are difficult to draw conclusions from alone, as 
are often single arm trials in small populations and can include a chemotherapy 
backbone that is potentially active and contributing to response rates and 
survival.  The majority of these phase II and phase III trials have been performed 
in unselected patients, sometimes including OC patients, and therefore are likely 
to include molecularly heterogeneous populations.

Table 1.6.  Selected phase II trials of targeted therapy in metastatic gastric 
cancer.

Angiogenesis
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
Li et al J Clin Oncol 2013 Third Apatinib

(TKI to VEGFR)
BSC Randomised placebo 

controlled
Unselected GC or GOJ

Improved PFS (3.2 months 
vs 1.4 months)

Epidermal growth factor receptor
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
SWOG 0127
(Dragovich et al J Clin 
Oncol 2006)

First Erlotinib
(TKI)

Nil Single arm
Unselected GC or GOJ

RR 9% (3-22%)
Median OS 6.7 months GOJ 

and 3.5 months GC

Wainberg et al Br J Cancer 
2011

First Erlotinib
(TKI)

5-FU + oxaliplatin Single arm
Unselected GOJ or OC

RR 45% (40-61%)
Median OS 11.0 months

Adelstein et al Invest New 
Drugs 2012

First or 
Second

Gefitinib
(TKI)

Nil Single arm
Unselected GOJ or OC

RR 7%
Median OS 5.5 months 

Multi targeted tyrosine kinase inhibitors
Trial Line of 

therapy
Targeted agent Chemotherapy

backbone
Population and 

primary outcome
ECOG 5203 
(Sun et al J Clin Oncol 
2010)

Second Sorefenib Docetaxel + 
cisplatin

Single arm
Unselected GC or GOJ

RR 41% (28-54%)
Median OS 5.8 months 

(5.4-7.4 months)

Martin-Richard et al 
Invest New Drugs 2013

Second Sorefenib Oxaliplatin Single arm
Unselected GC or GOJ
RR 2.5% (1 patient)

Median OS 6.5 months 
(5.2-9.6 months) 

Yi et al Br J Cancer 2012 Second Sunitinib Docetaxel Randomised placebo 
controlled

Unselected GC or GOJ
No improvement in time to 

progression
MAb - monoclonal antibody, TKI - tyrosine kinase inhibitor
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1.7.2.3  Immunotherapy
As yet, there is no phase III trial data demonstrating the benefit of immunotherapy 
in GC, however there are promising results from earlier phase trials, and immune 
checkpoint inhibitors are the subject of a number of ongoing trials in GC.  The 
KEYNOTE-012 trial, an international phase I trial examining the efficacy of 
pembrolizumab, an anti-programmed death receptor 1 (PD-1) monoclonal 
antibody, in pretreated advanced GC was initially presented at the ESMO 2014 
meeting, with updated results presented at the American Society of Clinical 
Oncology (ASCO) 2015 meeting (Muro et al. 2014, Muro et al. 2015).  It included 
39 patients, and reported an overall RR of 22% (95% CI 10-39%), six month 
PFS of 24% and six month OS of 69%, which is favourable when compared to 
the RRs of other systemic therapies in the second line setting for advanced 
GC (Tables 1.4 and 1.6) (Muro et al. 2015).  Immune checkpoint inhibitors are 
the focus of a number of ongoing trials in multiple malignancies, and with the 
evidence of mismatch repair (MMR) status being potentially predictive of effect 
of PD-1 blockade, may become another proven treatment for at least a subset of 
advanced GCs in the near future (Le et al. 2015). 

1.7.3 Heterogeneity in treatment response
At present, regardless of histological classification, all GCs are treated the same, 
despite evidence of differential response to currently used chemotherapeutic 
agents within Lauren classification subtypes, and between different geographic 
locations.  

In a preclinical study that identified two major intrinsic genomic subtypes of 
GC, G-INT and G-DIF (which had 64% concordance with the respective Lauren 
classification histological subtypes) it was found that G-INT cell lines were 
more sensitive to 5-FU and oxaliplatin than the G-DIF cell lines, and were more 
resistant to cisplatin (Tan et al. 2011).  In the clinical setting, a retrospective 
single institution analysis of 248 patients from Italy investigating response to 
chemotherapy in metastatic GC found RR was lower in patients with DGC (20.4%) 
compared to proximal non-diffuse GC (46.1%) and distal non-diffuse GC (30.3%) 
(Bittoni et al. 2013).  DGC patients also had shorter PFS and OS.  In another study 
Lei et al identified three molecular subtypes of GC using gene expression data, 
a mesenchymal subtype (73% DGC), a proliferative subtype (84% IGC) and a 
metabolic subtype (61% IGC), and found a survival benefit for the addition of 
5-FU to surgery for the metabolic subtype alone (Lei et al. 2013).  Consistent with 
the clinical association of improved survival with 5-FU in metabolic subtype GCs, 
metabolic subtype cells lines showed higher sensitivity to 5-FU.  In a screen for 
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sensitivity to other compounds Lei et al found that mesenchymal subtype cell 
lines were more sensitive to compounds targeting the PI3K/mTOR pathway (Lei 
et al. 2013).  

Subgroup analyses of clinical trials have also suggested differential response 
to chemotherapy for DGC and IGC.  An exploratory subgroup analysis of the 
JCOG9912 trial, investigating single agent 5-FU versus S-1 or the combination 
of cisplatin and irinotecan chemotherapy in the metastatic setting found a 
benefit for the cisplatin/irinotecan combination over 5-FU in patients with 
DGC, but not IGC (Boku et al. 2009).  A retrospective subgroup analysis of the 
Intergroup 0116 trial revealed patients with DGC did not appear to benefit from 
adjuvant chemoradiotherapy (Smalley et al. 2012).  The results of the ARTIST 
trial, which examined the addition of radiotherapy to CX chemotherapy in the 
adjuvant setting in a Korean population also suggests lack of response of DGC 
to radiotherapy (Park et al. 2015).  In the entire study cohort, no benefit for the 
addition of radiotherapy to CX chemotherapy on DFS or OS was noted, however 
subset analysis revealed the addition of radiotherapy improved the DFS of IGC 
patients (163 patients, 36% of total study population, 3 year DFS 83% CX vs 94% 
CX with RT, p =0.01), but not in DGC (274 patients, 60% of total study population, 
DFS values not reported) (Park et al. 2015).

Differential responses to targeted therapies have been noted in populations 
from different geographic locations.  In the AVAGAST trial, which examined the 
addition of bevacizumab to cisplatin plus a fluoropyrimidine, no benefit in OS was 
observed (median OS 12.1 months with bevacizumab vs 10.1 months without, 
HR 0.87, 95% CI 0.73-1.03, p = 0.10) (Ohtsu et al. 2011).  On subgroup analysis 
however, benefit was seen in patients from the Pan-America region (19% of 
placebo and bevacizumab arms), with no benefit seen in patients from Europe  
(32% of both arms) or Asia (49% of both arms).  This result was replicated in 
the AVATAR study, which included only Chinese patients and also examined the 
benefit of the addition of bevacizumab to cisplatin plus a fluoropyrimidine, and 
showed no improvement in OS (median OS 10.5 months with bevacizumab vs 
11.4 months without, HR 1.11, 95% CI 0.79-1.56, p = 0.56) (Shen et al. 2015).

The TRIO-013/LOGiC study, which examined the addition of lapatinib, a dual 
anti-EGFR and anti-HER2 tyrosine kinase inhibitor (TKI), to capecitabine and 
oxaliplatin in HER2 positive OC or GC also identified differences in response 
by country of enrollment (Hecht et al. 2015).  This study enrolled patients 
from 22 countries in Asia, Europe, North America and South America, and was 
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conducted in the first line setting.  In the overall study population, no difference 
was identified in OS (median OS 12.2 months with lapatinib vs 10.5 months with 
placebo, HR 0.91, 95% CI 0.73-1.12, p = 0.35).  Pre-specified subgroup analyses 
showed improvements in OS in Asian patients (HR 0.68, 95% CI 0.48-0.96, p 
= 0.03), and in patients under 60 years of age (HR 0.69, 95% CI 0.51-0.94, p = 
0.01) (Hecht et al. 2015).  The subgroup analysis results of the TRIO-013/LOGiC 
study contrast the results of the TyTAN-A study, which investigated the addition 
of lapatinib to paclitaxel in second line therapy for HER2 positive GC patients in 
Asian countries and showed no benefit for lapatinib (median OS 11.0 months 
lapatinib plus paclitaxel vs 8.9 months paclitaxel alone, HR 0.84, 95% CI 0.64-
1.11, p = 0.1) (Satoh et al. 2014).  

The RAINBOW trial, described above which demonstrated the benefit of 
ramucirumab in combination with paclitaxel in pre-treated patients, on subgroup 
analysis also noted differences in response based on geographic region and 
histological subtype (Wilke et al. 2014).  Patients enrolled from Europe, Israel, 
Australia and the USA (60% patients) showed improved OS with the addition 
of ramucirumab, as did patients with IGC (42% patients).  Patients enrolled 
from Argentina, Brazil, Chile and Mexico (as one subgroup 7% patients) and 
patients from Japan, South Korea, Hong Kong, Singapore and Taiwan (as one 
subgroup 34% patients), and those with diffuse, mixed, missing or unknown 
Lauren classification subtypes (58% patients) did not have improved OS with 
the addition of ramucirumab (Wilke et al. 2014). 

From the above review of current treatment options for GC it can be seen that there 
is significant scope for improvement.  A better understanding of the molecular 
drivers of disease, and predictive biomarkers for response to particular agents 
will improve the outcome for patients with GC.  This needs to be performed in a 
logical and rigorous manner as the identification of a potential driver mutation 
in a particular patient, or tumour type does not confirm it as a key mutational 
event in every case.  This can be seen in the differing responses to vemurafenib in 
BRAF V600E-mutated melanoma and colorectal cancer (CRC), and in the SHIVA 
trial where off label use of molecularly targeted therapy provided no benefit in 
survival compared to physicians choice treatment (Kopetz et al. 2010, Chapman 
et al. 2011, Pattison and Zalcberg 2014, Le Tourneau et al. 2015).

1.8  GENETICS AND MOLECULAR PATHOGENESIS
The understanding of the molecular changes involved in GC carcinogenesis is 
limited.  Although GC has a well described histological premalignant cascade, the 
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molecular events involved are not well characterised and it appears that many 
pathways and processes may lead to the final outcome of GC.  

1.8.1  Molecular subtypes of gastric cancer
Examinations of GC at the molecular level have found GC to have significant 
biological heterogeneity, with different classifications being proposed by 
different groups based on histopathological subtypes, anatomical location and 
different molecular platforms (Boussioutas et al. 2003, Chen et al. 2003, Tay et 
al. 2003, Ooi et al. 2009, Shah et al. 2011, Tan et al. 2011, Lei et al. 2013, Cancer 
Genome Atlas Research Network 2014, Chen et al. 2015, Cristescu et al. 2015)

In 2014 The Cancer Genome Atlas (TCGA) identified four subtypes of GC using 
exome, messenger RNA (mRNA) and microRNA (miRNA) sequencing, copy 
number analysis, methylation profiling and reverse-phase protein array analysis 
(Figure 1.9) (Cancer Genome Atlas Research Network 2014). The EBV subtype, 
encompassing 9% of the total cohort, was characterised by being EBV positive 
(using mRNA, miRNA and exome sequencing), extensive CpG island methylator 
phenotype (CIMP), CDKN2A promoter hypermethylation in all tumours, non-
silent PIK3CA mutations in 80% tumours, and amplification of JAK2, PD-L1 and 
PD-L2 in 15% of tumours. The microsatellite instability (MSI) subtype, 22 % 
of the cohort, showed elevated mutation rates and was also characterised by 
hypermethylation.  The genomically stable (GS) subtype, 20% of the cohort, 
were aneuploid and predominantly DGC.  The chromosomal instability (CIN) 
subtype, 50% of the cohort, was characterised by extensive somatic copy-number 
alterations, frequent TP53 mutations, and from Figure 1.9.A. can be seen to be 
heterogeneous in methylation, mRNA, miRNA and protein expression.   (Cancer 
Genome Atlas Research Network 2014).  Survival data for the TCGA GC cohort is 
currently immature, with a median follow up time of 12 months for both DFS and 
OS, with duration of follow up for DFS available for 162 (54.9%) patients, and 
for OS of 230 (78.0%) patients (Cancer Genome Atlas Research Network 2014).  
Thirty two (10.8%) patients are recorded as having recurrence, and 57 (19.3%) 
patients as dying in the follow up period, cause of death data is not available 
(Cancer Genome Atlas Network 2014).  Therefore the prognostic impact of the 
identified subtypes is unknown (Figure 1.9.B) (Cancer Genome Atlas Network 
2014).  In this cohort, no difference in distribution of molecular subtypes was 
identified between patients enrolled from Asian and Western Countries (Cancer 
Genome Atlas Research Network 2014). 
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Figure 1.9.  TCGA molecular subtypes of gastric cancer.
A)  Molecular subtypes of gastric cancer; B) Overall survival by molecular subtype; 
C) Recurrence by molecular subtype.
Modified from Cancer Genome Atlas Research Network, Nature 2014.

A

B C
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The Asian Cancer Research Group (ACRG) also identified four molecular subtypes 
of GC using gene expression profiling, copy number analysis and targeted 
gene sequencing of 300 Korean GC tumours (Cristescu et al. 2015). There are 
overlapping characteristics between subtypes described by the ACRG and the 
TCGA, with both groups describing an MSI subtype, and the GS TCGA subtype 
and epithelial-to-mesenchymal transition (EMT) ACRG subtype both including 
predominantly DGCs (Cancer Genome Atlas Research Network 2014, Cristescu 
et al. 2015).  The two other ACRG subtypes were defined as being non-MSI, non-
EMT and by the status of “TP53 activation”, as defined solely by a CDKN1A and 
MDM2 gene signature (Cristescu et al. 2015).  Survival data was available for 
this cohort, with the MSI subtype showing the best prognosis, and the lowest 
frequency of recurrence.  The EMT subtype was associated with the poorest 
prognosis (Cristescu et al. 2015).

1.8.2  Recurrently altered genes and pathways
Unlike other malignancies no high frequency targetable driver mutations have yet 
been identified for GC.  Multiple individual genes have been found to be altered 
in GC, either by mutation, loss of heterozygosity, or methylation of promoter 
regions. These include TP53, APC, CTNNB1, CDKN2A, FGFR2, ERBB2, EGFR, MET, 
KRAS, DCC, TFF1, PTEN, PIK3CA, CDH1, ARID1A, SMAD4, MYC, and RHOA (Deng et 
al. 2012, Zang et al. 2012, Cancer Genome Atlas Research Network 2014, Kakiuchi 
et al. 2014, Wang et al. 2014b, Wong et al. 2014, Chen et al. 2015).  From studies 
utilising whole exome sequencing in GC it is apparent there are a large number 
of potential driver mutations that occur at low frequency (Cancer Genome Atlas 
Research Network 2014, Kakiuchi et al. 2014, Wang et al. 2014b).  Alexandrov et 
al examined the mutational signatures seen across a number of different cancers 
as a method of identifying the mutational processes involved in the development 
of those cancers (Alexandrov et al. 2013).  They described 21 mutational 
signatures and explored the frequency these signatures occurred at in different 
cancer subtypes.  The maximum number of mutational signatures seen in any 
cancer subtype was six, in GC, liver and uterine cancer, which suggests these 
malignancies have more diverse mutational processes than other malignancies  
(Alexandrov et al. 2013).  This is further evidence that GC is heterogeneous, with 
potentially a number of different carcinogenic or mutational processes leading to 
the development of GC.

A number of signalling pathways have been recurrently identified as dysregulated 
in GC including RAS/MAPK, TP53, WNT/β-catenin, Hedgehog, NF-κB, DNA 
damage, PI3K/mTOR and cell adhesion pathways, again demonstrating the 



32

molecular diversity of GC (Ooi et al. 2009, Holbrook et al. 2011, Deng et al. 2012, 
Zang et al. 2012, Lei et al. 2013, Chen et al. 2015).  Cell adhesion appears to be 
particularly important in the pathogenesis of DGC, with gain of function RHOA 
mutations, structural re-arrangements involving ARHGAP26, a GTPase involved 
in RHO signalling, and CDH1 loss all identified in DGC in a mutually exclusive 
manner (Cancer Genome Atlas Research Network 2014, Kakiuchi et al. 2014).  
Loss of CDH1 and alterations in RHO signalling have both been implicated in EMT 
and the loss of cell adhesion, a hallmark of DGC (Humar et al. 2009, Artamonov 
et al. 2015, Yao et al. 2015).  RHOA mutations have also been shown to promote 
escape from anoikis in organoid cultures, thought to be an important early step 
in the process of carcinogenesis in DGC (Wang et al. 2014b). Higher RhoA activity 
has also been associated with poorer survival in DGC in a cohort of 288 Korean GC 
patients (Yoon et al. 2015).  However, this finding was not replicated in an exome 
sequencing study of nearly 300 Chinese GC patients (Chen et al. 2015).   The 
mutual exclusivity of these described alterations suggest that DGC, and indeed 
the GS subtype of GC, may include tumours with similar histological phenotypes, 
but diverse mechanisms of generating those phenotypes, again highlighting the 
heterogeneity of GC.

Methylation of gene promoters is one of the primary mechanisms behind 
inactivation of tumour suppressor genes, and aberrant methylation has 
been shown to be important in the molecular pathogenesis of GC, with two 
of the TCGA GC subtypes, EBV and MSI, showing hypermethylation (Cancer 
Genome Atlas Research Network 2014).  In a Mongolian gerbil model system 
of GC, H. pylori infection has been shown to induce DNA methylation changes 
in stomach epithelial cells, and the association of the EBV subtype of GC with 
hypermethylation suggests that infection may be one of the mechanisms behind 
this epigenetic modification (Niwa et al. 2010, Nakamura et al. 2014).  Genes found 
to be frequently methylated in GC have recently been reviewed by Nakamura et 
al (Nakamura et al. 2014).   Methylation patterns have been explored as potential 
biomarkers for progression from pre-malignant lesions to GC, the metastatic 
potential of GC, chemotherapy sensitivity and survival (Zouridis et al. 2012, Liu 
et al. 2014b, Nakamura et al. 2014, Yamanoi et al. 2015).

Cancers do not occur as isolated growths of malignant epithelial cells, but 
in association with stromal cells, blood vessels and cells associated with the 
immune system.  Ramucirumab, discussed above, which targets VEGFR2 has 
shown improved survival in an unselected population of metastatic GC patients, 
suggesting that angiogenesis is important in the growth and progression of at 
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least some GCs (Fuchs et al. 2014, Wilke et al. 2014).  Recent studies examining 
the stromal content of GC tumours, by gene expression and histological evaluation 
have demonstrated patients with tumours with high stromal content have poorer 
prognosis, suggesting the stromal component contributes to the progression 
of GC (Wu et al. 2013, Busuttil et al. 2014).  Inflammation and its role in GC is 
discussed further below (Section 1.10).

Within the different genes and pathways identified as altered in GC a number 
of potentially drugable targets appear.  Deng et al in a study of copy number 
alterations identified 22 recurrent alterations in 233 GCs (Deng et al. 2012).  
In 37% of the tumours they identified five receptor tyrosine kinases related to 
RAS signalling (FGFR2, ERBB2, EGFR, MET and KRAS) that were amplified in a 
mutually exclusive manner, four of which have targeted therapies available, and 
are currently being examined in therapeutic trials, or in the case of ERBB2 already 
being used clinically as a therapeutic target (Bang et al. 2010, Tan and Yeoh 2015).  
Different molecular classifications of GC have also had their responsiveness to 
currently used chemotherapeutics explored, for example the G-INT and G-DIF 
GC subtypes and the metabolic, mesenchymal and proliferative GC subtypes 
discussed above (Section 1.7.3) (Tan et al. 2011, Lei et al. 2013). 

1.8.3  Molecular variation between geographic regions
Whether the genetic basis of GC in different geographic regions is similar or 
dissimilar is unknown, although the survival advantage seen in patients born in 
Asian countries but treated in Western countries, and differences in benefit from 
targeted therapies in different geographic regions described above suggests 
that there may be differences.  It is also likely that the prevalence of known 
environmental risk factors, such as H. pylori and EBV, different dietary risk 
factors, and different population polymorphisms influence the type of GC that is 
predominant in a particular geographic region.

Molecular variation in the types of GC seen in different geographic locations 
has been the subject of investigation for a number of years.   A comparison of 
HER2 and p53 expression using immunohistochemistry (IHC) on 89 UK and 
89 Japanese GC tumours matched for a number of clinical factors found similar 
expression across both cohorts, with 50% of cases from both countries staining 
positive for p53, and 30% British cases and 32% Japanese cases staining positive 
for HER2 (McCulloch et al. 1995, McCulloch et al. 1997).  However, another 
group, who also examined HER2 and p53 expression using IHC found a higher 
proportion of positive staining tumours in their British cohort of 33 tumours 
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(54%) compared to their Japanese cohort of 40 tumours (21%), with similar 
proportions of tumours positive for p53 in both cohorts (42%) (Livingstone et al. 
1995).  This discrepancy highlights the difficulties in drawing conclusions about 
populations from small cohorts, and may also reflect the different antibodies 
and scoring systems used.  More recently potential differences in mutation rates 
between GC tumours from different geographic locations have been examined 
in larger cohorts, and no differences in the rate of mutations in KRAS, BRAF or 
FGFR2 have been identified (van Grieken et al. 2013, Su et al. 2014).

Differences in gene expression profiles by country have also been examined 
for GC.  This includes a study examining 65 patients, 50 from Australia and 15 
from China using cDNA microarray gene expression data, where no difference 
in gene expression profile was noted between tumours from different countries 
(Boussioutas et al. 2003).  Similar patterns of oncogenic signalling pathway 
activation have also been identified in a study of GC patients from three countries 
(70 patients from Australia, 200 from Singapore and 31 from UK) (Ooi et al. 
2009).  More recently however, in another study that included 890 Asian and 
126 non-Asian GC patients (some overlap with Ooi et al 2009), gene expression 
signatures were found to differ between Asian and non-Asian patients, with 
2,102 significantly differentially expressed genes identified (Lin et al. 2014).  
Gene set enrichment analysis (GSEA) identified enrichment of immune signalling 
pathways in the non-Asian GCs.  IHC staining on tissue microarrays (TMAs) of 219 
Japanese and 446 Caucasian GC tumours for a number of immune cell markers 
identified that Japanese GC tumours had a higher proportion of cells positive 
for neutrophil marker CD66b, pan leukocyte marker CD45 and T regulatory 
cell marker FOXP3, whereas Caucasian tumours had higher proportion of cells 
positive for macrophage marker CD68 and T cell markers CD3, CD8 and CD45R0.  
These IHC findings were supportive of the GSEA where six of eight T cell related 
gene sets were enriched in non-Asian GCs (Lin et al. 2014).  Of note, in this study, 
no difference in the proportion of patients with EBV positive or MMR deficient 
tumours was noted, which is consistent with the findings in the TCGA cohort, 
where the overall proportion of tumour subtype did not differ by geographic 
location (Cancer Genome Atlas Research Network 2014, Lin et al. 2014).

From subgroup analyses of the AVAGAST (Table 1.5), TRIO-013/LOGiC (Table 1.5) 
and RAINBOW (Table 1.4) clinical trials described above (Section 1.7.3) there is 
also evidence of differences in response to targeted therapies based on ethnicity, 
and this alone provides some evidence that the differences in survival seen for 
GC across geographic location are not only related to surgical and treatment 
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practices (Ohtsu et al. 2011, Hecht et al. 2013, Wilke et al. 2014).  As described in 
Section 1.2.2, there is further epidemiological evidence of biological differences 
contributing to varied survival geographically from the studies demonstrating 
improved survival for patients born in Asian countries but treated in the USA or 
Canada when compared to patients born in those countries (Theuer et al. 2000, 
Gill et al. 2003, Kim et al. 2010b, Kunz et al. 2012, Wang et al. 2015).  What the 
biological differences are that underpin these observations are yet unknown, but 
Lin et al provide some evidence that the immune system and immune regulation 
may be of importance.

1.8.4  Intra-tumoural heterogeneity in gastric cancer
Although this thesis explores inter-tumour heterogeneity in GC, it is also 
necessary to acknowledge the concept of intra-tumoural heterogeneity which is 
not examined in this thesis.  That tumours might develop from a single cell of 
origin or clone with subclones evolving over time via different selection pressures 
with different genetic variants was first suggested in the 1970s (Nowell 1976).  
There has been recognition of intra-tumoural heterogeneity at the histological 
level in GC for a number of years, and there is increasing evidence of genetic 
intra-tumoural heterogeneity in GC, as there is in other cancers.  

Chen et al, using whole exome sequencing of 78 Chinese GC tumours performed 
a clonality analysis to estimate the clusters of clones within each sample.  They 
identified a bimodal distribution of clusters, with 9 (12%) tumours being classified 
as high clonal, or having more than four clusters (Chen et al. 2015).  High clonal 
tumours had older age of onset, had a higher frequency of TP53 mutations, lower 
frequency of ARID1A mutations and had poorer OS (HR 4.69, 95% CI 1.62-13.6, 
p = 0.0004).  For two cases Chen et al performed whole genome sequencing on 
three different areas of the primary tumour and two lymph node metastases.  
Phylogenetic tree analysis of these samples identified considerable variability 
between the three primary tumour areas.  In one case, one area of the primary 
tumour showed similar mutation profile to the two lymph node metastases 
suggesting common ancestry (Chen et al. 2015).  

High clonality within a GC tumour could plausibly be associated with the 
molecular subtype of GC, with MSI and CIN subtype tumours potentially being 
more heterogeneous due to the genomic instability that is characteristic of 
these subtypes.  However, not all mutations that occur in these subtypes would 
necessarily be driver mutations or increase the fitness of the tumour.  The intra-
tumoural heterogeneity of MSI GC was examined in study of 51 Korean tumours 
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where DNA was extracted from two to six areas of each tumour (Chung et al. 
1999).  MSI was determined using 33 dinucleotide markers, and frameshift 
mutations were examined in cancer-related genes with microsatellite sequences, 
including TGFBR2, MSH3 and MSH6.  In this series 34 (67%) tumours showed 
no unstable markers at any tumour sites, and 11 (22%) were MSI high (MSI-H) 
(in this study defined as >60% microsatellite markers unstable) at one or more 
tumour site (Chung et al. 1999).  Two of the MSI-H cases did not show MSI at 
all areas of the tumour assessed, with one microsatellite stable (MSS) at 1 of 3 
tumour areas, and the other MSS at 1 of 2 tumour areas examined.  Heterogeneity 
was also seen in the mutations found in the assessed cancer related genes with 
microsatellite tracts, heterogeneous mutation patterns seen in two of the eight 
tumours that had TGFBR2 examined, and two of four tumours where MSH3 was 
examined (Chung et al. 1999).  

Variation in microsatellite status within a tumour suggests potential intra-
tumoural heterogeneity of molecular subtype, and the presence of this 
phenomenon was demonstrated more recently by both IHC and microsatellite 
marker assessment.  Mathiak et al examined microsatellite status by IHC and by 
MSI assessment of five MSI markers in a cohort of GC patients from Germany 
(Mathiak et al. 2015).  Of 452 patients one case demonstrated loss of MSH2 IHC 
expression in some areas of the tumour but not others, with the areas of MSH2 
loss showing MSI and areas with normal MSH2 staining being MSS.  The ten 
lymph node metastases from this patient were all MSS (Mathiak et al. 2015).

Intra-tumoural heterogeneity of other potential drivers or targetable alterations 
in GC has been reported, including HER2, FGFR2, EGFR, CCND1 and MYC (Lee et 
al. 2013, Su et al. 2014, Stahl et al. 2015).  Intra-tumoural heterogeneity therefore 
needs to be considered when treatment decisions are being made for patients, as 
this is a potential mechanism behind treatment failure with targeted therapies. It 
may be that combined therapy will be necessary for efficacy in treating patients 
with higher clonality tumours, and that single biopsies will be inadequate to 
inform treatment plans as they encompass only a small proportion of a tumour.  

The above discussion highlights the molecular heterogeneity of GC, and indicates 
that treating GC as one disease is not ideal.  Unfortunately, except in the instance 
of HER2 positive metastatic GC, the current biological understanding of GC is yet 
to be translated to the clinic where it can guide patient treatment.  Recent data 
on MSI status predicting response to PD-1 targeting monoclonal antibodies may 
provide another targeted therapy option for a subset of patients with GC, however 
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a significant proportion of GC cases will still receive undirected therapies, for 
which there is documented heterogeneity in response. There is a great need to 
translate the increasing knowledge on the molecular background of GC to clinical 
strategies to improve patient survival.

1.9  THE MISMATCH REPAIR PATHWAY IN GASTRIC CANCER
MSI was identified as one of four subsets of GC by the TCGA, and was previously 
identified as a subtype of GC in the 1990s (Han et al. 1993, Peltomaki et al. 1993, 
Chong et al. 1994, Mironov et al. 1994, Rhyu et al. 1994, Seruca et al. 1995, dos 
Santos et al. 1996, Hayden et al. 1998, Cancer Genome Atlas Research Network 
2014).  As yet there is no clinical relevance of the MSI subtype for GC, and it is not 
routinely assessed as part of the clinical management.  There is the potential for 
this to change in the metastatic setting however, with the identification of MSI-H 
cancers having response to PD-1 blockade (Le et al. 2015).

1.9.1 The mismatch repair pathway
The MMR pathway is involved in recognising and repairing insertion and deletion 
base errors that occur during DNA replication and for repairing some forms of 
DNA damage (Jiricny 2006, Iyama and Wilson 2013).  The pathway is highly 
conserved and the core machinery of MMR is made up of two families of genes, the 
MutS (MSH2, MSH3 and MSH6) and MutL (MLH1, PMS2 and MLH3) homologues 
(Kolodner and Marsischky 1999, Jiricny 2006, Iyama and Wilson 2013).  Different 
heterodimeric combinations of the MutS gene products recognise different types 
of base errors, with MSH2/MSH6 (MutSα) recognising single base errors and 
small insertions and deletions, and MSH2/MSH3 (MutSβ) small and larger loop 
insertions and deletions (Kolodner and Marsischky 1999, Jiricny 2006).  MSH2, 
in combination with MSH3 or MSH6 having recognised an error, recruits MutL 
homologue proteins, MLH1 in combination with PMS2 or MLH3, to repair the 
DNA strand (Figure 1.10) (Kolodner and Marsischky 1999, Jiricny 2006).  The 
consequence of abnormalities in this pathway is persistence of replication errors 
in DNA, which most commonly occur at microsatellites, repeating units of one to 
six base pairs, leading to MSI (Iyama and Wilson 2013).  Germline mutations of 
four genes in this pathway (MSH2, MLH1, MSH6 and PMS2) are associated with 
HNPCC, with the majority of HNPCC kindreds having mutations in MSH2 or MLH1 
(Lynch et al. 2015).  Somatic mutations in MMR genes or methylation of the 
MLH1 promoter account for 15% of sporadic CRC, and are also found in sporadic 
endometrial and ovarian carcinoma in addition to GC (Gurin et al. 1999, Sinicrope 
and Sargent 2012, Xiao et al. 2014, Lynch et al. 2015).   The tumours associated 
with loss of function of these genes show MSI.  MSI-H CRC tumours are defined 
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Figure 1.10.  KEGG graph - Human mismatch repair pathway.
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as those exhibiting MSI at ≥40% of the loci examined (two of five microsatellites 
as defined by the National Cancer Institute, NCI), and MSI-low (MSI-L) tumours 
have instability at ≥20% (one of five) of microsatellite loci examined (Umar et al. 
2004).  MSS tumours have no unstable markers (Umar et al. 2004).  

1.9.2  Clinical relevance of mismatch repair deficiency
The clinical relevance and characteristics of MSI associated tumours is better 
described in the context of CRC, with MMR deficient tumours more commonly 
occurring in older females, being located in the proximal colon, having poorly 
differentiated and mucinous histology, higher numbers of tumour infiltrating 
lymphocytes (TILs), and being of earlier stage than MMR stable tumours 
(Sinicrope and Sargent 2012).  There is evidence from clinical trials that patients 
with MSI-H CRC have better survival than patients with MSS or MSI-L tumours, 
and potentially that MSI status is predictive of response to 5-FU based adjuvant 
chemotherapy, with MSI-H CRC tumours showing lack of response (Ribic et al. 
2003, Sargent et al. 2010).  Conversely, in advanced stage CRC there is evidence 
of poorer prognosis for patients with MMR deficient tumours.  A meta-analysis 
of four phase III first line trials in metastatic CRC including 3,063 patients, 153 
(5%) of which had MMR deficient tumours, found an inferior survival in MMR 
deficient tumours compared to MMR stable tumours (Median OS  13.6 months 
MMR deficient vs 16.8 months MMR stable, HR 1.35, 95% CI 1.13-1.61, p = 
0.001) (Venderbosch et al. 2014).  The prevalence and effect on survival of BRAF 
mutations was also examined, and was also found to be an indicator of poor 
prognosis.  A higher proportion of MMR deficient tumours had BRAF mutations 
(34.6%) compared to MMR stable tumours (6.8%) (53/153 MMR deficient vs 
197/2,910 MMR stable, p <0.001).  The authors concluded that the poor prognosis 
seen in patients with MMR deficient CRCs in the metastatic setting is potentially 
driven by the associated BRAF mutations, but that the study was underpowered 
to assess this interaction (Venderbosch et al. 2014).  Of note, the prevalence of 
MMR deficient tumours (5%) is lower than that seen in earlier stages of CRC 
(15%), consistent with the observation that MMR deficient CRC tumours have 
a lower metastatic potential than MMR stable tumours (Sinicrope and Sargent 
2012, Venderbosch et al. 2014).

The clinical associations of MMR deficient GC has been explored in small cohorts 
from both Asian and non-Asian populations, using various methods to define 
the MMR deficient subtype, including IHC for two to four of the MMR proteins 
and assessment of varying numbers of mono and dinucleotide repeats, with 
varying cut offs to define MSI-H.  Clinical and pathological associations suggest 
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that MSI-H GC is more common in IGC compared with other Lauren classification 
subtypes, is more frequently observed in distal tumours, and more common in 
older patients and in women (dos Santos et al. 1996, Beghelli et al. 2006, Falchetti 
et al. 2008, Corso et al. 2009, Oki et al. 2009, Seo et al. 2009, Kim et al. 2011, An et 
al. 2012, Bae et al. 2015, Mathiak et al. 2015).   An association between MSI-H GC 
and higher numbers of inflammatory cells has been made, as have associations 
with improved survival (dos Santos et al. 1996, Beghelli et al. 2006, Falchetti et 
al. 2008, Corso et al. 2009, Kim et al. 2011, Bae et al. 2015, Mathiak et al. 2015).  
Not all publications have noted concordant findings however.   Sasao et al, in a 
cohort of 134 Japanese GC patients, found a higher incidence of MSI-H tumours in 
younger patients than in older patients (15% 10/65 vs 4% 2/41, p = 0.04) (Sasao 
et al. 2006).  An et al, in a cohort of 1,990 Korean GC patients, 170 (8.5%) of whom 
had MSI-H tumours, found no difference in DFS for patients with MSS tumours 
compared to patients with MSI-H tumours (An et al. 2012).  This study is one of the 
more recent studies, and includes a proportion of patients who received adjuvant 
chemotherapy, although the number of patients receiving chemotherapy and 
what particular regimen is not described.  A more recent analysis by the same 
group of an expanded cohort of 1,276 stage II and III GC patients, of whom 105 
(8.2%) had MSI-H tumours, found improved OS in MSI-H tumours compared to 
MSS tumours in patients who did not receive adjuvant chemotherapy, suggesting 
that, as seen in CRC, there may be a differential sensitivity to chemotherapy in 
MMR deficient and stable GC, and this may have confounded the results in the 
initial analysis by this group (Kim et al. 2015).

Two meta-analyses examining survival of MSI-H compared to MSS/MSI-L GC 
have been published.  Choi et al identified 24 studies, encompassing 5,438 
patients, 712 (13%) of whom were MSI-H, and Zhu et al identified eight studies, 
including 1,976 patients, of whom 431 (22%) were MSI-H (Choi et al. 2014, Zhu 
et al. 2015).  There was overlap of only four studies, with Zhu et al restricting 
their analysis to studies for which OS data was available.  The number of MSI 
markers assessed in the studies included in the meta-analyses ranged from one 
to 11, and the definition of MSI-H varied between the studies.  The proportion of 
tumours defined as MSI-H ranged from 8.5%-37.8%, with the studies with the 
lowest and highest percentage of MSI-H tumours included in the Choi et al meta-
analysis only (Choi et al. 2014).  The calculated pooled HRs for OS were 0.63 for 
MSI-H tumours compared to MSS tumours (95% CI 0.52-0.77) from eight studies 
in Zhu et al, and 0.76 (95% CI 0.65-0.88) from 17 studies in Choi et al (Choi et 
al. 2014, Zhu et al. 2015).  Overall survival was adjusted for stage in five studies 
included in the Choi et al analysis, when these studies were examined alone, with 
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the inclusion of stage in the model, MSI-H was no longer significantly associated 
with improved OS, with the 95% CI of the pooled HR crossing 1  (HR for MSI-H 
0.59, 95% CI 0.33-1.06) (Choi et al. 2014).  

Sensitivity to fluoropyrimidine based chemotherapy and MSI status has also been 
explored in GC in view of the evidence that early stage CRC does not benefit from 
adjuvant 5-FU based chemotherapy (Ribic et al. 2003, Sargent et al. 2010).  Oki et 
al in a retrospective 2009 cohort study of 240 Japanese GC patients, 22 (9.4%) of 
whom had MSI-H tumours and 76 (31.7%) of whom received fluoropyrimidine 
based chemotherapy, found no prognostic benefit for MSH-H tumours, and no 
correlation with survival after adjuvant chemotherapy and MSI status (Oki et 
al. 2009).  The An study described above that showed no difference in survival 
by MSI status alone also investigated DFS by receipt of adjuvant 5-FU based 
chemotherapy, and found improved survival with adjuvant chemotherapy in 
stage II and III MSS GC, but no difference in survival with adjuvant chemotherapy 
in stage II and III MSI-H GC (An et al. 2012).   The potential interaction between 
MSI status and sensitivity to chemotherapy led to the subsequent analysis by the 
same group, also described above, of an expanded cohort of stage II and III GC 
cases (Kim et al. 2015).  The authors observed improved survival in patients with 
MSI-H tumours that did not receive adjuvant chemotherapy, but no difference 
in survival when patients with MSI-H tumours received adjuvant chemotherapy 
when compared to MSS tumours, the regimens administered were not described 
(Kim et al. 2015).  The survival of patients who did and did not receive adjuvant 
chemotherapy in the MSS or MSI-H GC subgroups was not described, and 
therefore no comment on whether the findings in the initial 2012 study (of no 
benefit from adjuvant chemotherapy in MSI-H GC but benefit in MSS GC) were 
replicated can be made (An et al. 2012, Kim et al. 2015).  

The studies investigating chemotherapy sensitivity have not described 
the chemotherapy regimens administered, or have included multiple 
chemotherapeutic regimens, including some combination regimens, which may 
confound the survival results, however they provide some evidence that as in 
CRC, MMR status may potentially be predictive of response to chemotherapy, 
as well as providing prognostic information.  In addition, there is in-vitro 
evidence of resistance to chemotherapeutics other than 5-FU based on MMR 
status, including resistance to cisplatin, but not oxaliplatin (Vaisman et al. 1998, 
Carethers et al. 1999).  Ultimately, whether MSI status is predictive of response 
to fluoropyrimdine based chemotherapy, or other chemotherapeutic agents in 
GC remains unknown.
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The major limitations in the studies to date on MMR status in GC are the 
heterogeneity in the markers used to define MMR deficiency or MSI, the 
retrospective nature of most studies, and the small numbers of MSI-H or MMR 
deficient patients involved.  To further explore the clinicopathological features, 
and the prognostic and predictive effect of MMR status in GC a consensus needs 
to be reached as to how to define it, to enable appropriate comparisons, and this 
analysis needs to be performed in a prospective manner.  If, as in CRC, early stage 
MSI-H GC has a better prognosis, and shows a lack of benefit from 5-FU based 
adjuvant chemotherapy, this may identify a subset of patients for whom peri-
operative chemotherapy, or adjuvant chemotherapy provides no benefit, and can 
therefore be avoided, or for whom the choice of platinum (cisplatin or oxaliplatin) 
becomes important.  Equally, in metastatic GC, if the early clinical trial evidence 
of efficacy of PD-1 checkpoint inhibitors in MSI-H tumours is confirmed in larger 
randomised clinical trials, the MSI-H subset of GC may have a targeted therapy 
that provides a survival benefit in the metastatic setting (Le et al. 2015).  

1.9.3 Elevated microsatellite alterations at selected tetranucleotide repeats
Microsatellite unstable tumours show MSI at loci containing mononucleotide 
or dinucleotide repeats.  There is also a subset of tumours that rarely have 
mutations at mononucleotide or dinucleotide repeats, but have mutations at loci 
with trinucleotide or tetranucleotide repeats, a phenomenon which has been 
termed elevated microsatellite alterations at selected tetranucleotide repeats 
(EMAST) (Boland et al. 1998, Watson et al. 2014).  EMAST has been reported in 
bladder, lung, ovarian, prostate, renal, endometrial, head and neck and colorectal 
cancers, and in non-melanoma skin cancers (Watson et al. 2014).  Instability at 
tetranucleotide repeats has been reported in GC, but EMAST in particular does 
not appear to have been investigated (Kim et al. 2001).  EMAST is associated 
with loss of expression of MSH3 and nuclear heterogeneity of MSH3 on IHC in 
CRC (Haugen et al. 2008, Lee et al. 2010).  In the setting of MSI, loss of MSH3 
expression can be caused by a frameshift mutation at its exon 7 [A8] microsatellite 
(Calin et al. 2000, Cancer Genome Atlas Network 2012, Carethers et al. 2015).  In 
MSS tumours it is thought that a reversible loss of function phenotype can be 
triggered by pro-inflammatory cytokines inducing an intracellular location shift 
of MSH3 from the nucleus to the cytosol (Tseng-Rogenski et al. 2012, Carethers 
et al. 2015, Tseng-Rogenski et al. 2015).  As well as having critical function in 
the recognition of insertion/deletion loops greater than two nucleotides in size 
as part of MutSβ, MSH3 is thought to participate in double strand break repair 
(Carethers et al. 2015).  EMAST is thought to be associated with sensitivity to 
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platinum chemotherapeutics and poly ADP ribose polymerase (PARP) inhibitors 
because of this function (Takahashi et al. 2011).

EMAST in CRC is more frequently seen in tumours with higher stage, poorer 
differentiation and ulceration, but in contrast to MSI-H CRC no association is seen 
with tumour location (Devaraj et al. 2010, Lee et al. 2010).  In stage II and III CRC, 
EMAST is associated with shorter time to distant relapse on multivariate analysis 
than MSS non-EMAST CRC (HR 1.83, 95% CI 1.06-3.15, p = 0.03) (Garcia et al. 
2012).  EMAST in rectal cancer has been shown to be associated with chronic 
inflammation (60% EMAST tumours vs 25% non-EMAST tumours, p = 0.0001), 
and a high density of CD8+ T cells, when compared to EMAST negative tumours, 
a feature that is usually associated with improved survival in CRC (Devaraj et al. 
2010, Lee et al. 2012).

Whether an EMAST subtype of GC exists, and any impact on survival in GC has 
not yet been described.  The potential association with sensitivity to platinum 
chemotherapy agents and PARP inhibitors makes this an attractive avenue to 
explore in GC.

1.10  INFLAMMATION AND GASTRIC CANCER
Cancers do not grow in isolation, but occur within a complex system that involves 
the cancer cells, their non-cancerous normal counterparts, stromal tissues and 
inflammatory cells, and the cross-talk via cytokines and chemokines between 
these cells.  Two of the “new” characteristics described by Hanahan and Weinberg 
in their 2011 update of the original “Hallmarks of Cancer” article include tumour 
promoting inflammation and the avoidance of immune destruction, highlighting 
the importance of the immune system in the pathogenesis of cancers (Hanahan 
and Weinberg 2011).  As discussed above, inflammation and infection are 
important in the development of GC.  A large number of cases are related to H. 
pylori infection, and a smaller proportion to EBV infection.  Chronic inflammation 
from gastro-oesophageal reflux, in the absence of infection is associated with the 
development of more proximal GC. 

1.10.1  Inflammation and prognosis in gastric cancer
The predominant inflammatory cell associated with a cancer has been 
found to be prognostic in a number of malignancies (Fridman et al. 2012).  A 
neutrophilic infiltrate has been associated with poorer survival in hepatocellular, 
bronchioalveolar and renal call carcinoma, whilst TILs have been associated with 
improved prognoses in a number of other malignancies, including melanoma, 
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CRC, ovarian cancer and breast cancer (Clemente et al. 1996, Bellocq et al. 1998, 
Naito et al. 1998, Zhang et al. 2003, Pages et al. 2005, Sato et al. 2005, Kuang et 
al. 2011, Jensen et al. 2012, Loi et al. 2013, Adams et al. 2014, Anitei et al. 2014).  
In CRC, Galon et al have demonstrated that it is not only the density of TILs, 
but also the type and location of these cells that influence survival at all stages, 
and have generated an “Immunoscore” based on the density of CD3+ and CD8+ 
lymphocytes in the tumour centre and at the invasive margin (Galon et al. 2006, 
Galon et al. 2012, Galon et al. 2014).  More recently this group has demonstrated 
that the Immunoscore was prognostic in a retrospective cohort of 111 patients 
with rectal carcinoma treated by primary surgery (Anitei et al. 2014).

There is longstanding evidence that GC tumours with higher degrees of 
inflammation have improved prognosis (Steiner et al. 1948, Black et al. 1971, 
Watanabe et al. 1976, Nakamura et al. 1994).  High levels of TILs have been noted 
in MMR deficient and EBV positive GC, both subtypes of GC reported to have better 
prognoses (Watanabe et al. 1976, Nakamura et al. 1994, Matsunou et al. 1996, 
Grogg et al. 2003).   One of the proposed mechanisms behind the lymphocytic 
reaction seen in MMR deficient tumours is the generation of tumour-associated 
mutant peptides, or neo-antigens, which are presented to the host immune 
system precipitating an anti-tumour immune response when they are recognised 
as non-self (Saeterdal et al. 2001, Schwitalle et al. 2008, Tougeron et al. 2009).  It 
is postulated that this immune response may be responsible for the incomplete 
penetrance seen in Lynch syndrome.  Immune surveillance may prevent tumour 
outgrowth in carriers of germline mutations of Lynch syndrome associated 
genes by T cell recognition of the neo-antigens from MSI and removing cells with 
mutations prior to the development of malignancy  (Schwitalle et al. 2008).  Not 
all tumour-associated antigens are created equal however, and there is evidence 
that a high mutational load, particularly the number of non-synonymous 
mutations, is one of the predictors of response to immune checkpoint inhibitors 
(Snyder et al. 2014, Le et al. 2015, Rizvi et al. 2015).  This is reflected in the 
tumour subtypes for which sustained clinical response to immunotherapies has 
been seen, including melanoma and non-small cell lung cancer (Figure 1.11) 
(Snyder et al. 2014, Rizvi et al. 2015).  The theory that higher mutational load 
leads to increased numbers of neo-antigens which are then recognised by the 
immune system when primed, has been put forward to explain the superior RR 
seen in MMR deficient CRC compared to MMR stable CRC in a recent phase II 
study examining the efficacy of pembrolizumab, a PD-1 antibody (Le et al. 2015).  
GC as a group displays a wide range of somatic mutation frequency, from the GS 
subtype with low numbers to the hypermutated MSI subtype, suggesting that 
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at least a portion of GCs should be responsive to immune checkpoint inhibitors 
if mutation load is truly a predictor of response (Figure 1.11) (Alexandrov et al. 
2013, Lawrence et al. 2013, Cancer Genome Atlas Research Network 2014). 

1.10.2  Antigen presentation and the immunoproteasome
As increased tumour associated antigen load has been implicated in improved 
prognosis of cancers, down regulation of the cellular machinery involved in antigen 
production and presentation, by a number of mechanisms has been postulated as 
a method of immune escape in cancer, and has been demonstrated in a number 
of cancer cell lines and cancers (Miyagi et al. 2003, Drake et al. 2006, Bernal et al. 
2012).  The process of antigen presentation requires generation of the peptide, 
processing by the immunoproteasome, transport to the endoplasmic reticulum 
for further modification, binding with major histocompatibility complex (MHC) 
class I molecules, presentation on the cell surface, and finally T cell recognition of 
the antigen as non-self (Figure 1.12)  (Goldberg 2007, Yadav et al. 2014).  One of the 
key structures involved in this process is the immunoproteasome.  Proteasomes 
are responsible for maintaining protein homeostasis and their basic unit is made 
up of a proteolytic core, the 20S proteasome, which is composed of four rings, 
two inner rings containing the catalytic sites, and two outer α rings that interact 
with regulatory subunits (Vigneron and Van den Eynde 2014).   The inner rings 
are formed from seven β subunits, three of which convey proteolytic activity.  
The activity of the proteasome is regulated by which β subunits are present, 
and by proteasome regulators (Figure 1.13).  The three catalytic β subunits in 
standard proteasomes are β1, β2 and β5 (Vigneron and Van den Eynde 2014).  
Three alternative β subunits are found in some immune cells, or after exposure 
to interferon gama (IFNγ) or tissue necrosis factor alpha (TNFα) in other cells, 
where β1, β2 and β5 are exchanged for β1i (LMP2/PSMB9), β2i (MECL-1/PSMB10) 
and β5i (LMP7/PSMB8) respectively (Griffin et al. 1998).  When these alternate 
subunits are present the proteasome is dubbed the immunoproteasome (Griffin 
et al. 1998).  Intermediate proteasomes are formed when only one or two of the 
alternate β catalytic subunits are present, and in cortical thymic epithelial cells 
thymoproteasomes can be formed with the β5t catalytic subunit being present 
instead of the β5 or β5i subunit (Murata et al. 2007, Vigneron and Van den Eynde 
2014).

Four regulatory subunits of the 20S proteasome have been identified, 19S (also 
known as PA700), PA200, and PA28αβ (subsequently referred to as PA28) and 
PA28γ which are collectively the 11S regulators  (Figure 1.13) (Vigneron and Van 
den Eynde 2014).  When the 19S regulatory complex binds to both ends of the 20S 
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proteasome, the 26S proteasome forms, which is involved in ATP and ubiquitin 
dependent proteolysis of proteins (Vigneron and Van den Eynde 2014).  PA28 
is formed from a heterohexameric complex of two subunits PA28α (encoded by 
proteasome activator subunit 1, PSME1) and PA28β (encoded by proteasome 
activator subunit 2, PSME2) (Ahn et al. 1996).  PA28α and PA28β production, 
like that of the alternate β subunits is stimulated by IFNγ, which also drives the 
formation of immunoproteasomes (Ahn et al. 1996).  Compared to standard 
proteasomes, immunoproteasomes increase production of small peptides that 
can be presented on the cell surface by MHC class I molecules for recognition by 
cytotoxic T lymphocytes (CTLs) (Dick et al. 1996).  

Standard 
proteasome

20S Proteasome subtypes

Intermediate 
proteasomes Immunoproteasome Thymoproteasome

Figure 1.13  Proteasome composition. 
A) 20S Proteasome subtypes; B) Proteasome regulators.  
Modified from Vigneron et al Biomolecules 2014

A

B
Proteasome regulators

An essential function of the immunoproteasome is processing of peptides for 
presentation on MHC class I molecules.   Through studies utilising knockout mice 
the importance of the various subunits that make up the immunoproteasome on 
the process of antigen presentation via MHC class I molecules have been examined.  
Mice who are deficient in the PA28 subunits are viable and phenotypically normal 
(Preckel et al. 1999, Murata et al. 2001).  PA28β-/- mice, generated by Preckel et 
al, showed lack of PA28α polypeptide expression in addition to loss of PA28β 
polypeptide after induction by IFNγ, had decreased levels of immunoproteasomes, 
less stable MHC class I molecules than wild type cells, and impaired processing 
of ovalbumin and influenza virus (Preckel et al. 1999).  In contrast, double 
knockout mice lacking both PA28α and PA28β generated by Murata et al, had 
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similar amounts of immunoproteasomes and the same expression of MHC class I 
molecules as wild type cells, had normal processing of ovalbumin and influenza 
virus, but were unable to process a melanoma antigen derived peptide (Murata 
et al. 2001).  Murata et al concluded that PA28 is not essential for the MHC class I 
processing pathway, but is required for processing of certain antigens, and loss of 
PA28 alters the repertoire of antigens presented to CTLs.  Decreased expression 
of PA28 may therefore be a mechanism of immune escape utilised by tumours in 
a similar fashion to down regulation of β2-microglobulin (B2M), which is seen in 
CRC and melanoma where loss of B2M impairs the formation of the MHC class 
I molecule, and therefore impairs antigen presentation on the cell surface for 
recognition by immune cells (Bernal et al. 2012).

Multiple host and microbial inflammation related factors have been associated 
with prognosis in GC, and it is likely that the complex interactions that occur 
between the tumour, the surrounding stroma and the host immune system 
impact response to treatment and survival in GC and other cancers (Wu et al. 
2013, Bracci et al. 2014, Busuttil et al. 2014, Chang et al. 2014, Lin et al. 2014).  
A greater understanding of how this interplay occurs may open new avenues for 
therapeutic intervention for patients with GC.

1.11  EPITHELIAL-TO-MESENCHYMAL TRANSITION, TGF-β AND WNT 
SIGNALLING IN GASTRIC CANCER
GC develops from alterations in normal gastric epithelium.  Maintenance of 
normal gastric epithelium relies on a controlled balance between proliferation, 
migration, cell cycle arrest and cell death.  Two of the pathways intimately involved 
in the maintenance of the gastric epithelium are the Wnt and transforming 
growth factor β (TGF-β) pathways (Figures 1.14 and 1.15).  Both pathways 
include a number of branches.  The TGF-β pathway includes subdivisions where 
signalling is stimulated by bone morphogenic proteins (BMPs), by TGF-β itself, 
and a third subdivision where the main ligands are activin or nodal (Figure 1.14) 
(Massague 2008).  As well as having different receptor complexes, the TGF-β and 
BMP branches of the TGF-β signalling pathway have differing receptor SMADs, 
with SMAD1, 5 and 8 serving this function for the BMP branch, and SMAD2 
and 3 for the TGF-β branch (Moustakas et al. 2001).  On ligand binding in both 
branches the receptor SMADs combine with SMAD4 before translocating to the 
nucleus where the complexes regulates gene transcription.  Of the Wnt pathway 
branches, the most well studied include the canonical pathway, the planar cell 
polarity pathway and the Wnt-calcium pathway (Figure 1.15) (Croce and McClay 
2008).  In the absence of canonical Wnt signalling, β-catenin is degraded by the 
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β-catenin destruction complex, which includes APC, protein phosphatase 2A 
(PP2A), glycogen synthase kinase 3 (GSK3) and casein kinase 1α (CK1α).  Wnt 
ligands binding to the LRP5/6/Frizzled complex activate the pathway causing 
disruption of the β-catenin destruction complex allowing translocation of 
β-catenin to the nucleus where it participates in transcriptional regulation 
(Komiya and Habas 2008).

Both the TGF-β and Wnt pathways have been shown to be dysregulated in cancer, 
and in GC and GC cell lines.  Ooi et al examined 25 GC cell lines and found 21 
(84%) showed activation of the Wnt pathway, as did 46% (139 of 301) primary 
GC tumours assessed across three GC cohorts (Ooi et al. 2009).  In a review of 
the abnormalities identified in the TGF-β pathway in different cancers, Levy et al 
noted that over-expression of TGFB1, down regulation of SMAD3, and mutation 
in SMAD4 had been identified in GC (Levy and Hill 2006).  In MSI-H GCs, as in 
other MSI-H cancers, poly(A) tract mutations have been identified in TGFBR2 and 
ACVR2 (Levy and Hill 2006).

1.11.1 TGF-β and Wnt pathway interactions
Cross talk between the TGF-β and Wnt pathways is known to occur at a number of 
locations (Labbe et al. 2007, Guo and Wang 2009).  This crosstalk includes TGF- 
β signalling inducing Snail, a transcription factor that promotes Wnt signalling 
(Stemmer et al. 2008).  RUNX3 is a transcription factor that modulates TGF-β 
signalling, antagonises Wnt signalling and is known to be a tumour suppressor 
in GC (Li et al. 2002, Ito et al. 2005, Ito et al. 2011).  The TGF-β and Wnt pathways 
have been shown to co-operate in transcriptional regulation in some settings, 
including in transcriptional regulation of CDH1, with effectors of both pathways, 
LEF1 (lymphoid enhancer binding factor 1) from Wnt and the SMAD proteins 
from TGF-β, binding to the promoter of CDH1 to repress its expression (Lei et al. 
2004, Massague 2012).  A global inhibitor of TGF-β signalling, BMP and activin 
membrane bound inhibitor (BAMBI), as well as inhibiting BMP, TGF-β and activin 
signalling, is also an agonist of canonical Wnt signalling, and its expression 
can be induced by a number of ligands including TGF- β, BMP4 and β-catenin 
(Onichtchouk et al. 1999, Sekiya et al. 2004a, Sekiya et al. 2004b, Lin et al. 2008).

1.11.2  TGF-β and Wnt signalling roles in carcinogenesis
The TGF-β pathway is known to have context specific effects in the development 
of cancer.  TGF-β signalling in benign tissues is thought to be tumour suppressive 
with anti-proliferative and pro-apoptotic effects, but in later stages of cancer is 
thought to increase invasive potential, be involved in maintenance of tumour 
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stem cells and be associated with poorer prognosis (Cui et al. 1996, Ikushima 
and Miyazono 2010, Inman 2011, Principe et al. 2014).

TGF-β signalling has been investigated in GC, and found to be altered, but with 
potentially different effects in DGC and IGC.  In DGC, TGF-β1 is seen at higher 
levels in malignant cells and associated stromal cells than in IGC, CRC or normal 
colon or stomach tissue, and is thought to contribute to the fibrotic extracellular 
matrix seen in DGC (Mizoi et al. 1993).  In a model of DGC, using a dominant 
negative TGF-β type II receptor and a negative regulator of TGF-β signalling 
(c-Ski) to inhibit signalling, a decrease in deposition of collagen fibres, an increase 
in vascular endothelium and an increase in tumour growth in nude mice was 
found on inhibition of TGF-β signalling (Kiyono et al. 2009, Komuro et al. 2009).  
In a cohort of 101 Japanese GC patients, for whom histological classification is 
described only as differentiated or undifferentiated, TGF-β1 expression by IHC 
was found to be higher in differentiated GCs, and was associated with higher stage, 
and poorer prognosis on multivariate analysis including age, differentiation and 
stage (HR for OS for positive tumours 2.90, 95% CI 1.18-7.17, p = 0.02) (Saito et 
al. 1999).  As a Japanese cohort, it is likely that the majority of tumours were IGC, 
and as TGF-β1 expression was associated with differentiated tumours this also 
suggests it was seen more commonly in IGC, as DGC is usually described as poorly 
or undifferentiated.  Although there is no direct survival data available for IGC and 
DGC with high levels of TGF-β1 expression some observations can be made from 
the above studies about the association of TGF-β1 expression in IGC and DGC.  
The in-vitro studies by Komuro et al and Kiyono et al showed increased tumour 
growth and angiogenesis with lower levels of TGF-β signalling in DGC, suggesting 
that higher levels of TGF-β signalling would be associated with better prognosis 
in DGC (Kiyono et al. 2009, Komuro et al. 2009).  Conversely the results from 
Saito et al suggest that in IGC higher levels of TGF-β are associated with poorer 
survival (Saito et al. 1999).  These results suggest that TGF-β signalling may have 
different roles in DGC and IGC, and at least in DGC may have a protective effect, 
with disruption of signalling appearing to increase angiogenesis and tumour 
growth, where as in IGC expression of TGF-β1 is possibly associated with poorer 
prognosis.

Like the TGF-β pathway, the Wnt pathway plays a major role in the control 
of embryonic development, and Wnt signalling is altered in a number of 
malignancies (Klaus and Birchmeier 2008, Clevers and Nusse 2012).  The first 
identified abnormality associated with malignancy in the Wnt pathway was 
the loss of APC in FAP families and patients with adenomatous polyposis coli 
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(Groden et al. 1991, Nishisho et al. 1991).  Subsequently, nuclear accumulation 
of β-catenin in association with loss of APC, and activating mutations in CTNNB1 
were observed in CRC (Korinek et al. 1997, Morin et al. 1997).

Wnt signalling has been identified as being altered frequently in GC, as noted 
above (Ooi et al. 2009, Chiurillo 2015).  Somatic mutations in both APC and 
CTNNB1 have been identified in GC, with APC mutations occurring in 7% and 
CTNNB1 mutations occurring in 4% of the TCGA GC cohort (Nakatsuru et al. 1992, 
Park et al. 1999, Clements et al. 2002, Cancer Genome Atlas Research Network 
2014).  Expression of Wnt pathway ligands, such as Wnt5a have been found to 
be upregulated in GC tissue compared to normal, with upregulation seen in both 
IGC and DGC  (Boussioutas et al. 2003).  Nuclear localisation of β-catenin has 
also been identified in GC, with no apparent difference seen between IGC and 
DGC (Cheng et al. 2005).  These studies suggest that the Wnt pathway may be 
important in the carcinogenic processes of both IGC and DGC.  There is evidence 
that Wnt signalling may also have impact on prognosis in GC, with positive Wnt5a 
expression by IHC in a cohort of 250 GC patients from Japan associated with more 
advanced stage and poorer survival (Kurayoshi et al. 2006).  

1.11.3  TGF-β, BMP and Wnt signalling and epithelial-to-mesenchymal transition
EMT is a fundamental process in normal development that TGF-β, BMP and Wnt 
signalling are intimately involved in (Thiery 2002, Moustakas and Heldin 2007, 
Xu et al. 2009, Massague 2012).  Loss of E-cadherin expression, encoded by 
CDH1, is a hallmark of EMT, pathogenic of HDGC, and frequently lost in sporadic 
GC  (Thiery 2002, Corso et al. 2013, Pattison and Boussioutas 2015). Through the 
process of EMT a cell moves along a continuum from an epithelial phenotype to 
a more mesenchymal phenotype, and the reverse process can also occur, known 
as mesenchymal-to-epithelial transition (MET). 

As noted above, TGF-β and Wnt signalling have been demonstrated to co-
operate in repressing expression of CDH1, but their involvement in the process 
of EMT is thought to be more complex.   TGF-β and Wnt pathway signalling are 
involved in the maintenance of cell adhesion, and are believed to be intimately 
involved in the balance of MET and EMT (Massague 2012).  In addition to loss of 
E-cadherin during EMT, cells lose their adherens junction complexes, undergo re-
arrangement of their actin cytoskeletons, and express mesenchymal cytoskeletal 
proteins such as vimentin (Xu et al. 2009).  β-catenin, as well has having a central 
role in canonical Wnt signalling (Figure 1.15), forms part of the adherens junction 
complex, linking E-cadherin in the cell membrane with the intracellular actin 
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cytoskeleton via α-catenin (Niessen and Gottardi 2008).  Wnt pathway signalling, 
via LEF1 also combines with the TGF-β branch of the TGF-β pathway through its 
receptor SMADs, SMAD3 and SMAD4, to repress CDH1 expression (Figure 1.16.A) 
(Thiery et al. 2009, Massague 2012).  In addition, the TGF-β branch of the TGF-β 
signalling pathway promotes expression of transcription factors that promote 
EMT, such as SNAI1, SNA12, TWIST, ZEB1 and ZEB2 (Thuault et al. 2006).  In 
contrast, the BMP branch of the TGF-β signalling pathway promotes a more 
epithelial phenotype, by promoting expression of the miR-200 family of miRNAs, 
which downregulate the EMT associated transcription factors ZEB1 and ZEB2 
and promote MET (Thiery et al. 2009, Brabletz and Brabletz 2010).  The ZEB 
transcription factors also inhibit the expression of the miR-200 family, forming 
a feedback loop where activation of one inhibits the effects of the other (Figure 
1.16.B) (Brabletz and Brabletz 2010, Massague 2012).

There is evidence in GC that the EMT-MET continuum has impact on survival.  
A mesenchymal or EMT subtype of GC has been identified in a number of 
publications, and in some has been associated with poorer survival (Holbrook 
et al. 2011, Lei et al. 2013, Song et al. 2014a, Cristescu et al. 2015).   Associations 
of the various genes, transcription factors and miRNAs involved in the processes 
of EMT and MET, and outcome have also been explored in GC.  In a cohort of 
246 Italian GC patients, loss of CDH1 due to mutation or loss of heterozygosity 
was associated with poorer survival  (Corso et al. 2013).  In a Chinese cohort 
of 385 GCs, loss of E-cadherin by IHC was associated with poorer survival, as 
was higher expression of ZEB1 and TWIST (Song et al. 2014a).  Expression 
levels of miRNAs were also explored in this cohort, with expression of the miR-
200 family associated with improved survival (Song et al. 2014a).  In a smaller 
Chinese GC cohort of 46 patients, expression of miR-200 family miRNAs was 
lower in tumours compared to paired normal tissue, and loss of expression was 
associated with evidence of vascular invasion of cancer cells, suggesting loss of 
miR-200 family expression having a role in intravascular invasion (Chang et al. 
2015).  Consistent with this impact on invasion, in GC cell lines transfection of 
miR-200b led to decreased proliferation, migration and invasion compared to 
controls (Kurashige et al. 2012).

It is likely, however, that a linear association of EMT being associated with poorer 
survival and MET with better survival is too simple.   The Hallmarks of Cancer 
include both uncontrolled proliferation and invasion (Hanahan and Weinberg 
2011).  A more mesenchymal phenotype would promote invasiveness and 
metastasis, but a more epithelial phenotype would favour proliferation, both 
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Figure 1.16.  TGF-β and Wnt pathways in epithelial-to-mesenchymal 
transition.  
A) TGF-β induces expression of SNAI1 and TWIST, which with SMAD3/4 and 
LEF1 from the Wnt signalling pathway occupy the promoter of CDH1 repressing 
its expression and promoting EMT;  BMP signalling via SMAD1/4 upregulates 
the miR-200 family and suppress EMT.  B)  Schematic representation of the EMT-
MET loop influenced by TGF-β and BMP signalling.
Modified from Massague, Nat Rev Mol Cell Biol 2012.
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necessary for cancer progression (Brabletz and Brabletz 2010).  Consistent with 
this, expression of miR-200 family of miRNAs enhanced the metastatic potential 
of cell lines in a model of metastatic breast cancer, and in ovarian cancers miR-
200 family miRNAs were more highly expressed when compared to normal 
surface ovarian tissue, with lower expression of ZEB factors suggesting that MET 
is important in the development of epithelial ovarian cancer (Dykxhoorn et al. 
2009, Bendoraite et al. 2010).  These observations again point to the fact that the 
impact of loss or gain of function of a gene, or increased or decreased signalling 
through a particular pathway are frequently context specific.

1.12  GOALS OF THIS THESIS
The literature review highlights the significant clinical and molecular 
heterogeneity of GC between patients.  It also highlights the poor survival of 
patients with GC, particularly in Western countries.  This heterogeneity is not yet 
utilised clinically for prognostic purposes or to tailor treatments for patients, and 
the current treatment paradigm of treating all GCs the same is unfortunately failing 
a significant proportion of patients.   A greater understanding of the different 
subtypes of GC, and the biological processes underpinning these differences, will 
lead to improved prognostication for patients, improved selection of treatments, 
and improved patient survival.  

The goals of this thesis are to explore the clinical and molecular inter-tumoural 
heterogeneity of GC, and the impact this heterogeneity has on patient survival, 
with the aim of identifying variables that can be used for prognostic purposes, 
and potentially to direct therapy for patients with GC. 

Initially the clinical variables associated with survival after curative surgery for 
an Australian GC cohort are explored in Chapter 3, and the clinically prognostic 
variables are then used to inform an analysis of the molecular subtypes of GC 
using gene expression data from an Australian cohort (described in Chapter 4).  
Gene candidates and pathways are identified by differential expression between 
prognostic subtypes identified in Chapter 3, and by significance on multivariate 
survival analyses, with the aim of identifying genes that have biological relevance 
in GC survival.  

In Chapter 5, the functional validation of a candidate gene, BAMBI, is undertaken 
to explore how it impacts the prognosis of a subset of IGC, and in Chapter 6 the 
clinical and prognostic variables associated with the MMR deficient subtype of 
GC are described. 
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CHAPTER 2

Materials and Methods

2.1  MATERIALS
General chemicals, reagents, and their sources are listed in Table 2.1.  Antibodies 
used in Western blotting and fluorescence activated cell sorting (FACS) are listed 
in Table 2.2, primers for quantitative real time polymerase chain reaction (qRT-
PCR) in Table 2.3, and primers used for generation of stable over-expression are 
listed in Table 2.4.  

Table 2.1. General chemicals and reagents.
Reagent Supplier
4’6-diamidino-2-phenylindole (DAPI) Invitrogen
AccuPrime DNA polymerase Invitrogen
Ampicillin Aspen
Annexin V BD Biosciences
Anti-Anti (penicillin, streptomycin, amphotericin B) Life technologies
BamHI restriction enzyme Promega
β-mercaptoethanol Merck
Borax (Na2B4O7.10H2O) Ajax chemicals
Bovine serum albumin Bovogen Biologics
Bromodeoxyuridine (BrdU) Sigma-Aldrich
Chloramphenicol Sigma-Aldrich
DC Protein Assay Bio-Rad
DH5α competent cells Thermo Fisher Scientific
DharmaFECT 2 transfection reagent Dharmacon
Dulbecco’s Modified Eagle Medium (DMEM) Life Technologies
DNeasy Blood and Tissue kit Qiagen
dNTPs Promega
ECL Western blotting detection agent GE Healthcare
ECL Prime Western blotting detection agent GE Healthcare
Ethidium bromide Merck
Foetal bovine serum Sigma-Aldrich
Geneticin Life Technologies
Lipofectamine 2000 Thermo Fisher Scientific
Matrigel BD Biosciences
MCG Human BAMBI sequence-verified cDNA (Clone ID: 3503549) Dharmacon
M-MLV 5X reaction buffer Promega
M-MLV reverse transcriptase Promega
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Reagent Supplier
NotI restriction enzyme Promega
ON-TARGET plus non-targeting siRNA control pool (OTP) Dharmacon
Opti-MEM Life Technologies
ProLong Gold antifade mountant Life Technologies
Propidium iodide Sigma-Aldrich
PureYield plasmid miniprep system Promega
Qiaquick PCR purification kit Qiagen
Random primers Promega
Restriction enzyme Buffer D Promega
RNeasy mini kit Qiagen
Senescence Cells Histochemical staining kit Sigma-Aldrich
siGLO Red transfection indicator Dharmacon
siRNA - siGenome

- D-019596-21
- D-019596-22
- D-019596-23
- D-019596-24

Dharmacon

SuperSignal West Femto western blotting detection agent Thermo Fischer Scientific
SYBR green PCR master mix Applied Biosystems
T4 ligase Promega
TOX transfection control (siTOX) Dharmacon
TritonX 100 Sigma
Trizol Invitrogen
Trypan blue Invitrogen
Trypsin Life Technologies
Tween-20 Sigma-Aldrich
Wizard SV Gel and PCR clean up system Promega

Table 2.2. Antibodies.
Antibody Supplier
α-tubulin Sigma, clone B-5-1-2
BAMBI Atlas antibodies, HPA010866
β-actin Sigma, clone AC-74
β-catenin Cell Signalling, clone 10DA8
BrdU BD Biosciences, clone B44
Fluorescein-labelled anti-mouse IgG ICN Biomedical
MLH1 Leica, clone ES05
MSH2 Cell Marque/Ventana, clone G219-1129
MSH6 BD Biosciences, clone 44
PMS2 Cell Marque/Ventana, clone EPR3947
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Table 2.3. Primers for quantitative real-time PCR.
Gene Primer 5’------3’ Reference
BAMBI #1 forward AGCTTTCACGGACACCATTCCA
BAMBI #1 reverse GCTGAGGTCTGCTTGTCTCATTTTA
BAMBI #2 forward GCCTCAGGACAAGGAAACAGGTAT
BAMBI #2 reverse AATCAGCCCTCCAGCAATGGG
CDH1 #1 forward TGCCACCCTGGCTTTGACGC
CDH1 #1 reverse ATTCACTCTGCCCAGGACGCGG
CDH1 #2 forward CCATCAGGCCTCCGTTTCTGG
CDH1 #2 reverse GAGGCCAGGAGAGGAGTTGGGAA
GAPDH forward AAGGTGAAGGTCGGAGTCAA (Etemadmoghadam et al. 2010)

GAPDH reverse AATGAAGGGGTCATTGATGG (Etemadmoghadam et al. 2010)

GREM1 #1 forward ATCAACCGCTTCTGTTACGG (Wang et al. 2012)
GREM1 #1 reverse CGATGGATATGCAACGACAC (Wang et al. 2012)
GREM1 #2 forward ATCAACCGCTTCTGTTACGG
GREM1 #2 reverse CAACGACACTGCTTCACACG
GREM2 forward ACACACAAAGGTCTCTATATTAAC
GREM2 reverse TAGGTCTATAATACTTTTTAACAGC
MSH3 #1 forward ATGCAGAGATTGCAGCCCGAGA (Li et al. 2012)
MSH3 #1 reverse ACCAGGCGGCGTACATGAACAAA (Li et al. 2012)
MSH3 #2 forward GGAATGTCTGGCAACTCTGAGCC
MSH3 #2 reverse AGGAAGGGCAGAATCGCAGC
TGFB1 forward CGGAGTTGTGCGGCAGTGGT
TGFB1 reverse GGCCGGTAGTGAACCCGTTGAT
TWIST1 forward GGGCGTGGGGCGCACTTTTA
TWIST1 reverse CGCTGCCCGTCTGGGAATCA
SNAI1 forward CCCAATCGGAAGCCTAACTAC
SNAI1 reverse TCGTAGGGCTGCTGGAAG
VIM forward TGCGCCTCCGGGAGAAATTG
VIM reverse ACGTGCCAGAGACGCATTGT
ZEB1 forward TGACCTGCCAACAGACCAGACA
ZEB1 reverse TCCTGTGTCATCCTCCCAGCAGT

Table 2.4. Primers for generation of stable over-expression.
Primer ID Primer 5’------3’ Function
BAMBI_OE_BamHI_5’ GCGGGATCCGCCACCATGGATCGCCACTCCAGCTAC Cloning
BAMBI_OE_NotI_3’ AAGCTGGAATTCGTATGACACCACCACCACCAC 

CACTAGGCGGCCGCGATC
Cloning

BAMBI_F_358  GCCTCAGGACAAGGAAACAG Sequencing
BAMBI_R_440 TCTTTGGAAGAAGTCAGCTCC Sequencing
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2.2  PATIENT COHORTS AND DATA SOURCES
2.2.1  The Molecular Analysis of Upper Gastro-Intestinal Cancer (MAUGIC) cohort
The Molecular Analysis of Upper Gastro-Intestinal Cancer (MAUGIC) cohort is 
a cohort of potentially resectable gastric cancer (GC) and oesophageal cancer 
(OC) patients opportunistically enrolled in an on-going tissue banking study 
from selected Melbourne hospitals from 1999 to present.  For the purposes of 
this thesis patients enrolled up to 2009 are included.  Written informed consent 
was obtained from study participants, and ethical approval was obtained from 
Institutional Review Boards (IRBs) from individual hospitals associated with 
the study.  Patients were identified prior to surgery by study investigators 
who collected demographic and clinical information.  Clinical information was 
recorded at enrollment and at six monthly intervals initially.  As an observational 
cohort no influence was made to patient care.  Treatment, follow up schedule 
and investigations were at the discretion of the treating Physicians.  All available 
medical records and patient questionnaires for the cohort were reviewed, and to 
ensure robustness of outcome data the cohort was linked to the Victorian Cancer 
Registry (VCR), a population-based cancer registry which records all cancer 
diagnoses in Victoria.  

Outcome data for the clinical database of the MAUGIC cohort for the purposes of 
this thesis was last updated in December 2012.  As this project relates primarily 
to GC, analyses include only GC and Siewert II and III gastro-oesophageal (GOJ) 
tumours classified according to the Siewert classification, giving a total of 248 
patients (Siewert and Stein 1998).  Resected tumours were reviewed by local 
pathologists, and stage is reported using the American Joint Committee on Cancer 
(AJCC) 6th edition TNM staging system (Table 2.5) as this was the edition of the 
staging system in use during the time of enrollment of most patients (Greene 
et al. 2002).  Tumour location was identified macroscopically at pathological 
assessment, from operative notes or pre-operative investigations if not specified 
elsewhere.  Tumours included in this analysis are limited to adenocarcinomas. 

Tumour and normal tissue was collected at endoscopy, or at time of surgery.  
Normal tissue was collected from a region at least 2 cm from the primary tumour 
in the same anatomic region of the stomach.  Pathological review of submitted 
tumour and normal tissue has been performed to confirm presence of tumour, 
histological subtype of tumour, and any associated intestinal metaplasia or 
chronic gastritis.  
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Primary tumour (T)
TX Primary tumour cannot be assessed
T0 No evidence of primary tumour
Tis Carcinoma in situ: intraepithelial tumour without invasion of the lamina 

propria
T1 Tumour invades lamina propria or submucosa
T2 Tumour invades muscularis propria or subserosa

T2a Tumour invades muscularis propria
T2b Tumour invades subserosa

T3 Tumour penetrates serosa (visceral peritoneum) without invasion of adjacent 
structures*

T4 Tumour invades adjacent structures*
*Adjacent structures of the stomach include the spleen, transverse colon, liver, diaphragm, 
pancreas, abdominal wall, adrenal gland, kidney, small intestine and retroperitoneum

Regional lymph nodes (N)
NX Regional lymph node(s) cannot be assessed
N0 No regional lymph node metastasis
N1 Metastasis in 1 to 6 regional lymph nodes
N2 Metastasis in 7 to 15 regional lymph nodes
N3 Metastasis in more than 15 regional lymph nodes

Distant metastasis (M)
MX Distant metastasis cannot be assessed
M0 No distant metastasis
M1 Distant metastasis

Anatomic stage/prognostic groups
Stage 0 Tis N0 M0
Stage IA T1 N0 M0
Stage IB T1 N1 M0

T2a/b N0 M0
Stage II T1 N2 M0

T2a/b N1 M0
T3 N0 M0

Stage IIIA T2a/b N2 M0
T3 N1 M0
T4 N0 M0

Stage IIIB T3 N2 M0
Stage IV T4 N1-3 M0

T1-3 N3 M0
Any T Any N M1

Table 2.5.  Gastric cancer staging, AJCC 6th edition.  
Modified from Greene et al AJCC Cancer Staging Manual (6th Edition), Springer 2002.
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One hundred tumour specimens and 52 matched normal tissues, fresh frozen at 
the time of surgery, have previously had gene expression data generated using 
Affymetrix Human Genome U133 plus 2.0 GeneChips (HG-U133+2.0) according 
to the protocols of the manufacturer.  This data has previously been submitted 
to the Gene Expression Omnibus (GEO, Series GSE51105) (Barrett et al. 2013, 
Busuttil et al. 2014).  All tumour samples profiled had at least 60% tumour cells 
and no tumours were excluded due to low percentage of tumour cells.  Total 
ribonucleic acid (RNA) was isolated by acid phenol extraction (Trizol, Invitrogen) 
and RNeasy mini kit (Qiagen).  Tissue microarrays (TMAs) of 230 patients with 
matched normal tissue have previously been generated from formalin fixed 
paraffin embedded tissues using established protocols.  Copy number data for 
15 patients has previously been generated from Illumina 610 quad SNP arrays.  
These arrays were run at the Australian Genome Research Facility (AGRF) 
according to the manufacturers instructions.  Data was extracting using Illumina’s 
GenomeStudio v2010.3 with Genotyping module 1.8.4 software, with the default 
Illumina settings.  Copy number data was visualised using Partek Genomics Suite 
6.6 (Partek, St Louis MO, USA).

2.2.2  The Victorian Cancer Registry (VCR) cohort
To provide an estimate of how representative the MAUGIC cohort is of the 
population from which it was drawn, all registered GC and OC cases (International 
classification of diseases 10th edition, ICD-10, codes C15 and C16) were obtained 
from the VCR from the same time period, and the MAUGIC cohort cases subtracted.  
This cohort is referred to as the VCR cohort.  Information obtained from the 
VCR included gender, age of diagnosis, country of birth, tumour location, date of 
death, and where available cause of death.  Approval from the IRB of the Cancer 
Council of Victoria (CCV) was obtained for the use of this de-identified data.  For 
the purposes of this thesis, analysis was limited to GC cases only, identified as 
those with an ICD-10 code of C16.

2.2.3  The Cancer Genome Atlas (TCGA) cohort
In 2014 the Cancer Genome Atlas (TCGA) published a molecular characterisation 
of gastric adenocarcinoma (Cancer Genome Atlas Research Network 2014).  The 
raw data from this cohort is accessible using the TCGA data portal (https://tcga-
data.nci.nih.gov/) (Cancer Genome Atlas Research Network 2014) and using the 
Memorial Slone Kettering Cancer Centre Cancer Genomics Data Server (CGDS) 
(Skanderup 2015).  The published cohort consists of 295 patients and the 
available clinical characteristics are given in Table 2.6.  There is limited outcome 
data available for the TCGA cohort (described in Section 1.8.1).  Molecular data 
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Variable N = 295 (%)
Age
- Median
- Range

67.7
34.5-90.0

Gender
- Female
- Male

113 (38.3)
182 (61.7)

Country of procurement
- Canada
- Germany
- Poland
- Russia
- South Korea
- Ukraine
- United states of America
- Vietnam

3 (1.0)
39 (13.2)
32 (10.8)
83 (28.1)
31 (10.5)
39 (13.2)
24 (8.1)

44 (14.9)
Tumour location
- GOJ/cardia
- Body
- Antrum
- Not documented

57 (19.3)
116 (39.3)
114 (38.6)

8 (2.7)
Lauren classification
- Diffuse
- Intestinal
- Mixed
- Not documented

69 (23.4)
196 (66.4)

19 (6.4)
11 (3.7)

T stage
- T1
- T2
- T3
- T4
- TX

11 (3.7)
44 (14.9)

155 (52.5)
75 (25.4)
10 (3.4)

N stage
- N0
- N1
- N2
- N3
- NX

97 (32.9)
64 (21.7)
58 (19.7)
65 (22.0)
11 (3.7)

AJCC stage (7th Edition)
- Stage I
- Stage II
- Stage III
- Stage IV
- Not documented

32 (10.8)
116 (39.3)
111 (37.6)

20 (6.8)
16 (5.4)

Molecular subtype
- CIN
- EBV
- GS
- MSI

147 (49.8)
26 (8.8)

58 (19.7)
64 (21.7)

Table 2.6.  Description of TCGA cohort.
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that is publicly accessible for this cohort includes RNA expression data from 
messenger RNA (mRNA) sequencing, copy number alteration as discrete values 
and as log2 levels, and non-synonymous mutations.

2.2.4  Cell line gene expression data
Gene expression data for selected GC cell lines (AGS, KATO III, MKN28, MKN45, 
NCI-N87 (hereafter referred to as N87), SNU-1, SNU-16) generated from 
Affymetrix HG-U133+2.0 was downloaded from the GEO database (Series 
GSE15460) (Ooi et al. 2009, Barrett et al. 2013). 

2.3  DATA ANALYSIS
2.3.1  Analysis of clinical variables
For the results presented in this thesis the Chi-squared test was used to examine 
significance for categorical data and Wilcoxon or Kruskal-Wallis rank sum test 
for rank data.  The survival analysis was performed using the Survival package in 
R (Therneau 2012).  For univariate survival analysis categorical variables were 
interrogated using the log-rank test, and continuous variables using the likelihood 
ratio test.  The Cox proportional hazard model was used for multivariate analyses 
using forward stepwise selection and examining all variables with a p value of 
<0.1 on univariate analysis, starting with AJCC stage as a known prognostic 
variable, and survival curves generated using Kaplan-Meier methods.  P-values 
were considered significant at p <0.05.  Cancer specific survival (CS) was 
measured from date of surgery to date of death from cancer, patients who died 
from causes other than cancer were censored at time of death and patients who 
remained alive at last contact were censored on that date.  Overall survival (OS) 
was measured from date of surgery to date of death from any cause.  Relapse free 
survival (RFS) was measured from date of surgery to date of first documented 
relapse or death from GC if recurrence was not documented.  Recurrence was 
defined as radiological, histopathological or clinical evidence of recurrence.  Self 
reported recurrence was confirmed with supportive medical records.  When 
analyses included patients whom underwent palliative procedures, progression 
free survival (PFS) was analysed, measured from date of surgery to date of first 
documented relapse, progression, or death from GC if recurrence or progression 
was not documented.

2.3.2  Differentially expressed gene analysis
Differential gene expression was examined using R with Bioconductor (www.
bioconductor.org) packages affy and limma (Gautier et al. 2004, Gentleman et al. 
2004, Smyth 2004, Smyth 2005).  Plots were generated using ggplot2 (Wickham 
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2009).  Raw CEL files were imported into R and normalised using robust multi-
array average (RMA) to generate the expression set for analyses (Irizarry et al. 
2003). Differential gene expression analyses were performed using a modified 
t-test in limma, which outputs the Affymetrix probe, the log fold difference 
between the experimental groups examined, the average expression of the 
probe across all samples, the t statistic describing differential expression, an 
unadjusted and adjusted p value, and the log-odds ratio (Smyth 2005).  Genes 
were considered to be significantly differentially expressed if log fold change was 
>1.2 with a p-value of <0.05, adjusted using the Benjamini Hochberg correction 
(Benjamini and Hochberg 1995).  Where more than one probe was present for 
a gene, the probe with highest expression was preferentially analysed.  When 
individual genes were examined the Kruskal-Wallis test was used, with a p value 
of <0.05 considered significant.

For TCGA RNA-seq data a Z-score threshold of 1.2 was used to define high or low 
expression.  The Z-scores reported in cBioPortal are a statistical measure of the 
relative expression of a gene to the reference population, which for the TCGA GC 
cohort is all samples that are diploid for the gene in question (Cerami et al. 2012, 
Gao et al. 2013).  A Z-score of 0 indicates mean expression, a positive Z-score 
represents the value is above the mean, and a negative below the mean, and the 
measure reports the number of standard deviations away from mean expression. 

2.3.3  Pathway analysis
Pathway analysis was performed using R and packages GAGE and Pathview 
(Luo et al. 2009, Luo and Brouwer 2013).  GAGE (Generally applicable gene-set 
enrichment) is a method of gene set analysis developed to enable analysis of 
datasets of different sample sizes.  GAGE does not require pre-filtering of data 
to generate a list of strongly differentially expressed genes, but uses all of the 
available gene expression data, and considers not only transcriptional regulation 
in one direction (e.g. increased expression or decreased expression), but also 
perturbations of expression in both directions, a biologically more plausible 
situation with up-regulation of one component of a pathway causing down 
regulation of another component of the same pathway, or vice versa (Luo et al. 
2009).  GAGE allows samples to be analysed in two ways, firstly as a group, where 
all reference cases are compared to all sample cases, which is described in this 
thesis as the “as group” analysis, and secondly as individual samples, where each 
individual reference case is compared to each individual sample case, described 
here as the “unpaired” analysis (Luo et al. 2009).   GAGE uses a two-sample t-test 
to allow for gene set specific variance and background variance.  The Kyoto 
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Encyclopaedia of Genes and Genomes (KEGG) datasets are utilised by GAGE 
as pathway datasets (Kanehisa and Goto 2000).  Pathways were considered 
to be significantly perturbed if the false discovery rate q-value, adjusted using 
the Benjamini Hochberg correction, was <0.1 (Benjamini and Hochberg 1995).  
Pathview was utilised for generation of heatmaps and visualisation of pathway 
data (Luo and Brouwer 2013).

2.3.4   Survival analysis of candidate genes
Probe sets for candidate genes identified in the gene expression and pathway 
analyses were examined using GeneAnnot for the sensitivity and specificity of 
individual probe sets (Chalifa-Caspi et al. 2004).  When more than one probe 
set was present for a candidate gene, the probe set with the highest sensitivity 
and specificity was chosen, if all probe sets had sensitivity and specificity of 
1, the probe set with the highest expression was used.  Gene expression was 
dichotomised on median expression levels unless otherwise stated.  PFS was 
examined initially on univariate analysis using the log rank test and Kaplan Meier 
curves as described above.  PFS was chosen as opposed to RFS, as the subset of 
patients for whom gene expression data is available includes six patients who 
underwent palliative resections, and two patients for whom metastases were 
identified at surgery.  If significant on univariate analysis, multivariate analysis 
was then performed using the Cox proportional hazard method in a model 
incorporating AJCC stage (divided into stage I, II, III and IV because of the small 
numbers involved when stage I and III were further subdivided into A and B) and 
Lauren classification.  Multivariate models with and without the candidate gene 
were examined for improved fit using analysis of variance tables, with p <0.05 
considered a significant improvement in the model. 

2.3.5  Gene expression correlation
The correlation of gene expression between two candidate genes was examined 
using Spearman’s correlation.  Genes were considered correlated if R ≥ 0.2, and 
p ≤ 0.05.  No correction was performed for multiple testing.  When more than 
one probe set was present on the array for a candidate gene, the probe set with 
the highest sensitivity and specificity was used, and probe sets with expression 
levels of <5 were excluded from the analysis.

2.4  MOLECULAR METHODS
2.4.1  DNA isolation
Deoxyribonucleic acid (DNA) was isolated using the DNeasy Blood and tissue 
kit (Qiagen), following the manufacturers instructions.  Concentration was 
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determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific).

2.4.2  RNA isolation
All steps were performed using RNase free reagents and materials.  Total RNA was 
isolated using RNeasy Mini Kit (Qiagen), using the manufacturers instructions.  
Concentration was determined using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific).

2.4.3  Reverse transcription
All reagents used in reverse transcription reactions were from Promega.  1 μg total 
RNA was diluted in 18 μL sterile water, and 2 μg random primers added.  Samples 
were then denatured at 70°C for 5 minutes, before being cooled to 4°C to anneal 
and briefly centrifuged.  Complementary DNA (cDNA) synthesis was performed 
using Moloney murine leukaemia virus (M-MLV) reverse transcriptase.  5 μL of 
M-MLV reaction buffer, 200U of enzyme and 12.5 nmol of each dNTP was added 
to each sample, and incubated at 42°C for 90 minutes, followed by a 5 minute 
95°C enzyme deactivation step.  Samples were diluted with sterile water to a 
concentration of 10 ng/μL.

2.4.4  Quantitative real time polymerase chain reaction
qRT-PCR was used as a method of validating RNA microarray expression results.  
qRT-PCR was performed using the SYBR green assay on the LightCycler 480 
(Roche).  Samples were run in triplicate in 10 μL reactions using 5 ng cDNA, 
1 μmol forward and reverse primers and 5 μL SYBR green PCR master mix 
(Applied Biosystems).  Amplification conditions were 50°C for 2 minutes, 95°C 
for 10 minutes, 40 cycles of 95°C for 15 seconds followed by 1 minute at 60°C.  
Threshold cycle numbers were obtained using the LightCycler 480 software 
(Roche), and gene expression was calculated using the comparative threshold 
cycle method (ΔΔCT), normalised to GAPDH.

2.4.5  Primer design
Where possible, primers pairs were identified for candidate genes from the 
published literature, and specificity was checked using Primer Blast (Ye et al. 
2012).  Where suitable primers were not identified, primer pairs were designed 
using Primer3 software as described by Thornton and Basu 2011 (Rozen and 
Skaletsky 2000, Thornton and Basu 2011).  Primer pairs for qRT-PCR are given in 
Table 2.3.  Two primer pairs were designed and used for a number of candidate 
genes explored in this thesis. 
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2.4.6  Western blotting
Protein lysates were prepared by lysing phosphate buffered saline (PBS) washed 
cells with 2% sodium dodecyl sulphate (SDS) 50 mM Tris buffer followed by 
incubation at room temperature for 5 minutes.  Lysates were transferred to 
microcentrifuge tubes and sonicated for 10 seconds, then centrifuged on high 
power for 30 seconds prior to boiling for 5 minutes.  Lysates were then vortexed, 
and stored at -20°C.  Protein concentration was determined using the Lowry 
method, using bovine serum albumin (BSA) standards and the DC Protein assay 
(Bio-Rad).  Prior to loading, samples were mixed in a 2:1 ratio with SDS loading 
buffer containing 3% β-mercaptoethanol.  30 μg of protein was loaded to 12% 
polyacrylamide gel, which was then run for 1 hour and 15 minutes at 170 V.  
Proteins were transferred to an Immobilon membrane (Millipore, USA) for 80 
minutes at 100 mA.  Membranes were blocked in 5% skim milk/PBS-Tween for 
at least one hour prior to washing, and then incubated overnight at 4°C with the 
primary antibody (Table 2.2).  After washing, membranes were incubated with 
the appropriate secondary antibody at room temperature for one hour, washed, 
and then developed with ECL (GE Healthcare), ECL prime (GE Healthcare) or 
SuperSignal West Femto (Thermo Fisher Scientific). 

2.5  IMMUNOHISTOCHEMICAL ANALYSIS
2.5.1  Inflammatory score
Inflammatory score (IS) was assessed as described by Klintrup et al in 2005 
and Dutta et al in 2012 on haematoxylin and eosin (H&E) stained 3 μm full 
face sections (Klintrup et al. 2005, Dutta et al. 2012).   Variables included in the 
score were the severity of inflammation, the presence of chronic and/or acute 
inflammation, the presence of desmoplasia, and the presence or absence of 
ulceration.  In the presence of ulceration, the score was assessed away from the 
ulcerated area.  The severity of the inflammatory reaction was scored on a four 
point scale using the area of greatest severity (Table 2.7, Figure 2.1).  Desmoplasia 
was confirmed by the presence of collagen fibre deposition and fibroblasts 
with spindle morphology, and was scored on a four point score (Table 2.7).  All 
samples were scored by Dr Catherine Mitchell, gastro-intestinal (GI) pathologist, 
to reduce person-to-person error.

2.5.2  Mismatch repair protein staining
The expression of MLH1 (Leica, clone ES05), MSH2 (Cell Marque/Ventana, clone 
G219-1129), MSH6 (BD Biosciences, clone 44) and PMS2 (Cell Marque/Ventana, 
clone EPR3947) was assessed on 5 μm sections of the TMA using standard methods 
on a Roche-Ventana Benchmark Ultra autostainer.  The diagnostic pathology 
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0 1

2 3

Figure 2.1.  Representative sections of spectrum of inflammatory score.  
H&E stain, x200 magnification.

Score Description
Inflammatory score
0 No inflammatory cells
1 Mild and patchy inflammatory cell infiltrate
2 Prominent inflammatory reaction with little destruction of tumour cell islands
3 Florid inflammatory infiltrate with frequent destruction of cancer cell islands
Desmoplasia score
0 No desmoplasia
1 Weak desmoplasia
2 Moderate desmoplasia
3 Severe desmoplasia 

*Klintrup et al 2005 and Dutta et al 2012

Table 2.7.  Inflammatory score*.
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laboratory at Peter MacCallum Cancer Centre, using the methods routinely used 
for diagnostic purposes, performed this staining.  Lymphocytes within the tumour 
sections, and normal tissue from the non-malignant TMA were used as internal 
positive controls.  Dr Catherine Mitchell, a GI pathologist, performed the scoring.  
Tumours were scored as deficient (negative staining) when nuclear staining was 
absent in tumour cells, but present in positive controls.  Tumours were scored 
as proficient (positive staining) when nuclear staining was present in tumour 
epithelial cells.  Tumours were classified as uninformative where (i) no tumour 
epithelial cells were present in the section, (ii) the tissue core had “dropped out” 
of the TMA, (iii) the staining failed in that section or (iv) there was cytoplasmic 
staining.  Equivocal cases, for example where staining in positive controls was 
faint or the number of tumour epithelial cells was minimal, were reviewed with a 
second GI pathologist, Dr Bill Murray.  In the case of equivocal cases after reading 
by both pathologists, full-face 5 μm sections of that sample were stained, and 
scored by both pathologists.

2.6  IN VITRO FUNCTIONAL EXPERIMENTS
2.6.1  Cell culture
AGS and N87 were obtained from the American Type Culture Collection (ATCC).  
All cells were cultured in monolayers using Dulbecco’s modified Eagle’s medium  
(DMEM) (Life technologies) supplemented with 10% foetal bovine serum (FBS) 
(Sigma-Aldrich) and 1% penicillin, streptomycin and amphotericin B (Life 
technologies).  Cells were maintained at 37°C in humidified air with 5% CO2.

2.6.2  Cell counting 
Cell counts were estimated using the Countess automated cell counter 
(Invitrogen).  Cells in monolayer were washed with PBS, trypsinised and 
resuspended in complete DMEM.  An aliquot of the cell suspension was mixed 
with equal volume of Trypan Blue (Invitrogen), then 10 μL of this suspension 
was applied to a Countess cell counting chamber slide (Invitrogen) to determine 
viability, and numbers of total, live and dead cells.

2.6.3  siRNA knockdown 
All reagents for small interfering RNA (siRNA) knockdown experiments were 
purchased from Dharmacon except where indicated including four independent 
siRNA constructs targeting BMP and activin membrane bound inhibitor (BAMBI), 
TOX transfection control (siTOX) as a positive control siRNA causing cell death 
on cell entry, and ON-TARGET plus non-targeting siRNA control pool (OTP).  
Using siGLO red transfection indicator (siGLO) optimisation experiments were 
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performed to determine optimal cell seeding density, transfection reagent 
concentration and type.  The least cell toxicity seen in both AGS and N87 with 
DharmaFECT 2 lipid, therefore this was the transfection reagent used for both 
cell lines.  

All siRNA experiments were performed using the reverse transfection method.  
Firstly, siRNAs were resuspended in siRNA buffer diluted in RNase-free water 
as per the manufacturers instructions.  Opti-MEM (Life Technologies) and 
DharmaFECT 2 were equilibrated for 5 minutes at room temperature prior 
to being plated, and then the appropriate siRNA was added to the well (lipid/
siRNA mix).  For untreated controls Opti-MEM alone was plated, and for mock 
transfection controls additional Opti-MEM without lipid was added the well to 
ensure the volume for each condition was the same. The lipid/siRNA mix was 
then allowed to equilibrate at room temperature for 20 minutes.  The appropriate 
number of cells suspended in complete DMEM media was then seeded in each 
well with plates resting in the tissue culture hood for 10 minutes prior to being 
transferred to the incubator.  

For 96 well plate format, 4,000 AGS cells (40 cells/μL) and 15,000 N87 cells 
(150 cells/μL) were plated per well, with 0.175 μL DharmaFECT2 in 15.825 
μL OptiMEM, 4 μL 1μM siRNA stock, and 80 μL complete DMEM to make a total 
volume of 100 μL.  These volumes/concentrations were scaled up depending 
on the number of cells required for subsequent experiments.  For proliferation 
and invasion assays, FACS analysis and TOPFLASH assays transfections were 
performed in T75 flasks in 15 mL total volume.  For bone morphogenic protein 
(BMP) and transforming growth factor β (TGF-β) luciferase reporter assays, 
transfections were performed in T25 flasks (5 mL total volume).  β-galactosidase 
staining was performed in 6 well plates (2 mL total volume).  Media was 
changed 24 hours post transfection, and transfection efficiency was estimated by 
visualising cells treated with siTOX for death and siGLO for nuclear localisation 
of fluorescence using a digital microscope (EVOS fl, Millennium Science).  

Degree of knockdown of each siRNA construct for BAMBI at the mRNA level 
was estimated using qRT-PCR and confirmed at protein level using Western 
blotting.  Degree of knockdown was assessed in 24 hour periods from 24 hours 
post knockdown to 144 hours post knockdown.  Due to the cell death that was 
observed with lipid and non-targeting OTP siRNA in the first 24 hours after 
transfection, all assays were commenced 48 hours after transfection.
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2.6.4  Generation of BAMBI stable over-expression
AGS cell lines with stable over-expression of BAMBI were generated using the 
pcDNA3 vector (gift from the Bowtell laboratory) backbone.  BAMBI Sequence-
Verified cDNA (Clone ID: 3503549) glycerol stock was purchased from Dharmacon, 
and stock cultures generated under chloramphenicol (Sigma-Aldrich) selection.  
Plasmid DNA was isolated using the PureYield Plasmid miniprep system 
(Promega) as per the manufacturers instructions.  DNA was quantitated using 
a NanoDrop spectrophotometer (Thermo Fisher Scientific).  Isolated DNA was 
sequenced at Monash Health Translation Precinct (MHTP) to verify sequence.  

Polymerase chain reaction (PCR) of two sequence verified plasmid samples was 
performed to append the BamHI and NotI restriction sites using the primers 
BAMBI_OE_BamHI_5’ and BAMBI_OE_NotI_3’ (Table 2.4), and AccuPrime DNA 
polymerase and amplification buffer (Invitrogen).  Amplification conditions 
were 94°C for 1 minute, then 30 cycles of 95°C for 1 minute, 60°C for 1 minute 
and 72°C for 1 minute, followed by 10 minutes at 72°C and 5 minutes at 4°C.  The 
resulting PCR product was verified for size by running an aliquot on 1% agarose 
gel in Tris/Borate/EDTA (TBE) with ethidium bromide (Merck).  The remaining 
PCR product was purified using the Qiaquick PCR purification kit (Qiagen).  
Restriction enzyme digestion was performed at 37°C for 1 hour using Buffer D 
(Promega).  Digestion products were verified on a 1% Agarose Tris/acetate/EDTA 
(TAE) gel.  Verified products were excised from the gel, and DNA extracted using 
the Wizard SV Gel and PCR clean up system (Promega).  Ligation reactions were 
performed with 50 ng vector DNA and 60 ng insert DNA (or equivalent volume 
of water for vector only reactions) per 10 μL reaction, using T4 ligase (Promega) 
at room temperature for 1 hour.  5 μL ligation reactions were transformed with 
20 μL DH5α competent cells (Thermo Fisher Scientific), by placing on ice for 20 
minutes, followed by heat shock at 42°C for 45 seconds, then placed on ice for 
a further 2 minutes.  Transformation reactions were then diluted 1 in 10 with 
Lennox Broth (LB), and incubated in a shaker at 37°C and 250 rpm for one hour 
prior to being streaked on LB and ampicillin plates and incubated overnight at 
37°C.  Overnight cultures were made from ten colonies and incubated overnight 
under ampicillin (Aspen) selection in a shaker at 37°C and 250 rpm.  Plasmid 
DNA was isolated from resulting cultures using the PureYield plasmid miniprep 
system (Promega).  Aliquots of resulting plasmid DNA were run on 1% TBE 
agarose gel to confirm size, and sequenced at MHTP to confirm sequence using 
the primers described in Table 2.4.



75

Transfection of AGS cells was performed in 6 well plates with cells at 70-90% 
confluence.  Two over-expression constructs (OE#1 and OE#3), and one vector 
only construct (pcDNA3) were selected for transfection.  500 ng DNA (OE#1, OE#3 
or pcDNA3) was added to 50 μL serum and antibiotic free DMEM and incubated 
at room temperature for 5 minutes (DNA/media mix).  2 μL Lipofectamine 2000 
(Thermo Fisher Scientific) was added to 48 μL serum and antibiotic free DMEM 
per sample and incubated at room temperature for 5 minutes (Lipofectamine/
media mix).  50 μL Lipofectamine/media mix was added to each DNA/media 
mix and incubated at room temperature for 20 minutes (Lipofectamine/DNA 
mix).  Cells were washed with PBS twice and 500 μL antibiotic free DMEM with 
10% FBS was added to each well.  To wild type control wells 100 μL serum and 
antibiotic free DMEM was added, to lipid only control wells 50 μL serum and 
antibiotic free DMEM and 50 μL Lipofectamine/media mix was added, and to the 
OE#1, OE#3 and pcDNA3 wells 100 μL of the appropriate Lipofectamine/DNA 
mix was added.  Twenty four hours after transfection, media was replaced with 
complete DMEM.  Forty-eight hours after transfection cells were placed under 
geneticin (Life Technologies) selection at a level that caused death of all wild type 
cells (700 μg/mL DMEM).  Transfected cells were maintained under selection 
(600 μg geneticin/mL DMEM).  Over-expression was confirmed using qRT-PCR 
and Western blotting.

2.6.5  Proliferation assays
For experiments using siRNA knockdown, proliferation assays were commenced 
48 hours post transfection.  Cells were trypsinised, counted and plated in triplicate 
to four 6 well plates for each condition.  For AGS 50,000 cells were plated per 
well and for N87 90,000 cells were plated per well.  Each consecutive day for 
four days, one set of triplicate wells from each condition was counted.  All media 
and washes during this process were retained in order to account for all cells 
(dead or alive) in the cell count.  Each well was washed in PBS, trypsinised and 
resuspended in complete media.  Cells were then centrifuged at 1,500 rpm for 5 
minutes, supernatant was removed and the cell pellet was resuspended in 100 
μL PBS.  10 μL of this resulting suspension was mixed with 10 μL Trypan Blue 
(Invitrogen) and counted as described above (Section 2.6.2).  Triplicate values 
from each day were averaged, and t-tests performed at each time point using 
GraphPad Prism version 6 for Mac OS X (GraphPad Software), with comparison 
to the mock transfection condition for siRNA knockdown experiments and the 
vector only control for over-expression experiments, with correction for multiple 
comparisons using the Holm-Sidak method.  Experiments were repeated at least 
three times.
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2.6.6  Invasion assays
For experiments using siRNA knockdown, these assays were commenced 48 
hours post transfection.  Cells were washed with PBS twice and media was 
changed to serum free DMEM to synchronise the cell cycle.  After 24 hours cells 
were trypsinised and counted.  For AGS 1.4x106 cells per condition and for N87 
2.1x106 cells per condition were placed in a microcentrifuge tube, centrifuged at 
1,500 rpm for 5 minutes and resuspended in 356 μL of serum free DMEM.  223 μL 
of cold Matrigel (BD Biosciences) was added to each sample and pipetted gently 
to mix, then 165 μL of this suspension was applied to a 8.0 micron polyethylene 
terephthalate cell culture insert (BD Falcon) placed in a companion tissue culture 
24 well plate (BD Falcon).  This matrigel-cell suspension was allowed to set in 
the tissue culture hood for 30-45 minutes prior to 700 μL complete DMEM being 
added to the companion well as a chemoattractant.  The tissue culture plate was 
then incubated for 24 hours at 37°C in 5% CO2.  After 24 hours excess matrigel-
cell suspension was wiped from the interior surface of the well prior to washing 
with PBS.  Cell culture inserts were then placed in formalin for one hour at room 
temperature to fix invaded cells.  After washing with PBS the cell culture inserts 
were then transferred to a 1:10,000 dilution of 4’,6-diamidino-2-phenylindole 
(DAPI, Invitrogen) in PBS and incubated at room temperature in the dark for 30 
minutes.  In the dark, the cell culture inserts were washed in PBS, and left to dry.  
The filter from the cell culture insert was then removed with a scalpel blade, and 
mounted on a glass microscope slide with ProLong Gold antifade mountant (Life 
Technologies) and cover-slipped.  Slides were maintained in the dark prior to 
imaging.  

Imaging was performed using the BX61 microscope (Olympus).  Five fields were 
imaged systematically for each filter.  The number of cells in each image was then 
counted using ImageJ software (National Institute of Health, NIH) (Schneider 
et al. 2012), the average from the total of the three filters for each condition 
taken, and t-tests performed using GraphPad Prism version 6 for Mac OS X 
(GraphPad Software), with comparison to the mock transfection condition for 
siRNA knockdown experiments and the vector only control for over-expression 
experiments.  Experiments were repeated at least three times.

2.6.7  Fluorescence activated cell sorting (FACS) analysis
2.6.7.1  BrdU/PI staining
Bromodeoxyuridine (BrdU) and propidium iodide (PI) staining was performed 
48 hours after siRNA knockdown.  Control conditions were untreated unstained 



77

cells, untreated cells stained with BrdU alone, untreated cells stained with PI 
alone, untreated cells stained with both BrdU and PI, and the siRNA knockdown 
control conditions (mock transfection and OTP) stained with both BrdU and PI.  
Plated cells were pulsed with BrdU (Sigma-Aldrich) (10 mM per 10 mL media) 
for 30 minutes at 37°C in 5% CO2.  Media was then collected, cells washed with 
PBS, trypsinised and collected to the same tube.  Cell number was determined 
for each condition as described in Section 2.6.2, and equal numbers of cells for 
each condition were split into two to generate technical replicates.  Samples were 
centrifuged at 1,200 rpm for 5 minutes, the supernatant aspirated and cell pellets 
were resuspended in 0.5 mL PBS.  To fix cells 5 mL of ice-cold 80% ethanol was 
added to each cell pellet while vortexing, and then incubated for a minimum of 4 
hours at 4°C.  If FACS analysis was to be performed at a later stage, samples were 
stored at 4°C for up to two weeks.

On the day of FACS analysis, samples were centrifuged at 1,200 rpm for 5 
minutes, supernatant was aspirated and the resulting cell pellets were loosened 
by vortexing.  Cell pellets were then resuspended in 1 mL 2N HCl containing 
0.5% (v/v) Triton X-100 (Sigma), transferred to a microcentrifuge tube and 
incubated at room temperature for 30 minutes.  Samples were then centrifuged 
at 1,200 rpm for 5 minutes, the supernatant aspirated and washed with 1 mL 
0.1 M Borax (Na2B4O7.10H2O, pH 8.5, Ajax chemicals), and centrifuged at 1,200 
rpm for 5 minutes.  The supernatant was aspirated, the cell pellet resuspended 
in 100 μL PBS containing 2% FBS, 0.5% Tween-20 (Sigma-Aldrich) and anti-
BrdU antibody (BD biosciences) at a concentration of 20 μL/mL and incubated 
at room temperature for 30 minutes.  1 mL PBS with 2% FBS was added to each 
sample and then centrifuged for 5 minutes at 1,200 rpm.  The supernatant was 
aspirated and the resulting pellet resuspended in 100 μL fluorescein-labelled 
anti-mouse IgG (ICN Biomedical) at 1:100 dilution in PBS containing 2% FBS 
and 0.5% Tween-20, and cells were incubated in the dark for 30 minutes at 
room temperature.  Cells were washed in 1 mL PBS with 2% FBS, centrifuged 
at 1.200 rpm for 5 minutes and the supernatant aspirated.  The resulting cell 
pellet was resuspended in 200 μL PBS, 2% FBS and 10 μg/mL PI (Sigma-Aldrich), 
transferred to FACS tubes and incubated in the dark for 15 minutes prior to FACS 
analysis.  FACS data was collected on a Canto II flow cytometer (BD Biosciences)

Data was analysed using FlowLogic (Version Sol.2A).  Cells were initially gated on 
forward scattered light height (FSC-H) and forward scattered light area (FSC-A) 
to identify single cells.  A DNA content vs BrdU plot was then used to apply gates 
to the G0/G1, S and G2 phase cells for percentages to be calculated.  Comparison 
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to the mock transfection condition was then made using t-tests in GraphPad 
Prism version 6 for Mac OS X (GraphPad Software).

2.6.7.2  Annexin V/PI
Annexin V/PI staining was performed at both 48 and 96 hours post knockdown.  
Control conditions were untreated unstained cells, untreated cells stained with 
Annexin V alone, untreated cells stained with PI alone, untreated cells stained with 
both Annexin V and PI, and the siRNA knockdown control conditions described 
above stained with both Annexin V and PI.  On the day of FACS analysis, cells were 
washed with PBS and trypsinised.  All media, wash reagent and cell suspension 
was collected to a FACS tube, and centrifuged at 1,400 rpm for 4 minutes at 4°C.  
The supernatant was aspirated, and the resulting pellet resuspended in 100 μL 
Annexin buffer with 1:200 Annexin V (BD Biosciences) and 1:100 PI (Sigma-
Aldrich).   FACS data was collected on a Canto II flow cytometer (BD Biosciences)

Data was analysed using FlowLogic (Version Sol.2A).  Cells were initially gated on 
FSC-H and FSC-A to identify single cells.  Using a Annexin V vs PI plot, gates were 
made for four populations, (i) Annexin V-/PI-, (ii) Annexin V-/PI+, (iii) Annexin 
V+/PI- and (iv) Annexin V+/PI+.  The percentage of cells in each population was 
calculated and comparison to the mock transfection condition was made using 
t-tests in GraphPad Prism version 6 for Mac OS X (GraphPad Software). 

2.6.8  β-galactosidase staining
β-galactosidase staining was performed using the Senescence Cells Histochemical 
Staining Kit (Sigma-Aldrich) as per the manufacturers instructions in 6 well 
plates.  Staining was performed at 48 and 96 hours post knockdown. Cells were 
washed with PBS, fixed in fixation buffer for 7 minutes at room temperature then 
washed with PBS three times.  1 mL of Staining Mixture was added to each well, 
plates were sealed with parafilm and incubated overnight at 37°C.  The Staining 
Mixture was aspirated and replaced with PBS prior to plates being imaged on 
an Axio Observer Research Microscope (Zeiss).  Twelve images were taken 
systematically across each well.  Stained and unstained cells were counted using 
ImageJ software (NIH) (Schneider et al. 2012), t-tests were performed using 
GraphPad Prism version 6 for Mac OS X (GraphPad Software), with comparison 
of the proportion of positively stained cells to the mock transfection condition.

2.6.9  TGF-β and BMP pathway luciferase reporter assays
These experiments were performed in collaboration with Professor Hong-Jian 
Zhu and Ms Josie Iaria, Cancer Signalling Laboratory, Department of Surgery, 
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University of Melbourne.  Adenoviral SMAD3 and SMAD5 reporter systems 
were utilised to examine canonical TGF-β and BMP signalling respectively.  For 
experiments utilising siRNA knockdown, transfection with the appropriate 
reporter was performed 48 hours after siRNA transfection.  To assess TGF-β 
responsiveness a firefly luciferase reporter for SMAD3 mediated transcription, 
pAd.CAGA12-luc (generated by the Cancer Signalling Laboratory, University of 
Melbourne) was used containing 12 CAGA boxes, which are SMAD3 binding 
sequences (Dennler et al. 1998).  To assess BMP responsiveness a firefly 
luciferase reporter for SMAD5 mediated transcription, Ad.BRE.luc (generated by 
the Cancer Signalling Laboratory, University of Melbourne) was utilised, which 
resembles the promoter sequence for inhibitor of DNA binding 1 (ID1), a target 
gene for BMP but not TGF-β (Korchynskyi and ten Dijke 2002).  Cells for each of 
the different siRNA knockdown conditions or over-expression conditions were 
prepared at the Cancer Genomics and Genetics Laboratory, Peter MacCallum 
Cancer Centre, prior to being transported to the Cancer Signalling Laboratory, 
University of Melbourne for the TGF-β or BMP luciferase assays.

To assess response to TGF-β, 24 hours after cell lines were transfected with a 
firefly luciferase reporter for SMAD3 mediated transcription (pAd.CAGA12-luc) 
and an expression construct for Renilla luciferase to control for transfection 
efficiency, cells were washed with PBS and treated with increasing doses of 
recombinant TGF-β (Luwor et al. 2011).   Twenty-four hours after treatment 
cells were lysed and luciferase activity was assessed using the Dual-Glo luciferase 
reporter assay (Promega) on a LumiStar Galaxy luminometer (BMG Labtech).  

Similarly, to assess response to BMP, cell lines were transfected with a firefly 
luciferase reporter for SMAD5 mediated transcription (Ad.BRE.luc) and an 
expression construct for Renilla luciferase to control for transfection efficiency, 
and 24 hours later treated with a single dose (100 ng/mL) of BMP.  Twenty-four 
hours after treatment cells were lysed and measurement of luciferase activity 
was performed as above.  

The SMAD3 or SMAD5 transcriptional activity was calculated by dividing the 
firefly luciferase activity by the Renilla activity, and averages of three wells per-
condition calculated.  Comparison was made to the mock transfection condition 
for siRNA knockdown experiments and the vector only control for over-expression 
experiments using t-tests in GraphPad Prism version 6 for Mac OS X (GraphPad 
Software). 
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2.6.10  TOPFLASH assay
The TOPFLASH assay utilises a luciferase reporter system of Tcf/Lef mediated 
transcription to measure Wnt transcriptional activity.  Using 24 well plates, 
150,000 AGS cells were plated per well.  Twenty-four hours later media was 
changed to antibiotic free DMEM containing 10% FBS.  Cells were co-transfected 
with 1 μg SuperTOP or SuperFOP, which contain eight copies of the optimal TCF/
LEF binding site (SuperTOP) or eight mutated copies of the TCF/LEF binding 
site (SuperFOP) and a Renilla construct, to allow normalisation for transfection 
efficiency, using Lipofectamine 2000 (Thermo Fisher Scientific).  SuperTOP, 
SuperFOP and Renilla constructs were gifts from Professor Randall Moon, 
University of Washington.  Twenty-four hours after transfection cells were treated 
with Wnt3a conditioned media, or conditioned media from cells that do not 
secrete Wnt3a for a further 24 hours.  Cells were then scrapped from wells using 
a rubber policeman and collected to microcentrifuge tubes, centrifuged at 1,500 
rpm for 5 minutes, then stored at -20°C overnight to improve cell lysis.  Luciferase 
activity was assessed using the Dual-Glo luciferase reporter assay (Promega) on 
a POLARstar optima plate reader (BMG Labtech).  The TCF/LEF transcriptional 
activity was calculated by dividing the SuperTOP/Renilla ratio by the SuperFOP/
Renilla ratio.  SW480 cells were included in TOPFLASH experiments as internal 
controls.  Averages of three wells per condition were calculated, and comparison 
to the mock transfection condition for siRNA knockdown experiments and vector 
only control for the over-expression experiments was made using t-tests in 
GraphPad Prism version 6 for Mac OS X (GraphPad Software).
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CHAPTER 3

Clinical correlates of outcome for resectable 
gastric adenocarcinoma in an Australian cohort

3.1  INTRODUCTION
Variables prognostic of survival after surgical resection for gastric cancer (GC) 
in an Australian setting have not previously been described.  The initial data 
analysis for this thesis included examining the clinical, pathological and surgical 
variables that impact on survival in the GC patients of the Molecular Analysis of 
Upper Gastro-Intestinal Cancer (MAUGIC) cohort who had undergone curative 
resection.  These findings were then used to inform the molecular analysis 
described in Chapter 4.  The major findings of this survival analysis have been 
published, and are included as appendix A.

3.2   AGE, STAGE AND LAUREN CLASSIFICATION ARE PROGNOSTIC IN 
RESECTABLE GASTRIC CANCER 
As the aim of this analysis was to examine variables prognostic of survival after 
surgical resection of GC, patients who had undergone palliative procedures, did 
not undergo surgical resection, or had histology other than adenocarcinoma were 
excluded from this analysis, giving a total of 226 (91%) from the 248 patients in 
the full MAUGIC cohort.  Variables included in this analysis were age at surgery, 
Eastern Co-operative Oncology Group (ECOG) performance status, smoking 
status, body mass index (BMI), Helicobacter pylori (H. pylori) status, number of 
procedures by surgeon and hospital, surgical procedure, tumour stage, the ratio 
of the number of involved lymph nodes to lymph nodes resected (node ratio), total 
number of lymph nodes resected, Lauren classification, tumour differentiation, 
presence of lymphovascular invasion (LVI), presence of perineural invasion (PNI), 
presence of signet rings, tumour size, surgical margin status and neoadjuvant 
or adjuvant therapies.  Tumour location was examined with proximal tumours 
defined as those in the cardia or Siewert II and III gastro-oesophageal junction 
(GOJ) tumours, hereafter referred to as cardia tumours, and distal tumours 
defined as those arising distal to the cardia, referred to as non-cardia tumours.  
Region of birth was also examined as a surrogate for ethnicity, using geographic 
divisions based on the World Health Organisation (WHO) regional groupings and 
the United Nations geoscheme, with patients born in Asian countries compared 
to those born in non-Asian countries (United Nations 2013, World Health 
Organisation 2013).
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The primary outcome measure for this analysis was cancer specific survival (CS), 
measured from date of surgery to date of death from GC.  Patients who died from 
causes other than cancer were censored on the date of death.  Overall survival 
(OS) is also reported, measured from date of surgery to date of death from any 
cause, and relapse free survival (RFS) is measured from date of surgery to date of 
first documented relapse.

3.2.1 The MAUGIC cohort is representative of the greater Victorian gastric cancer 
population
To assess how representative the MAUGIC cohort is of the greater Victorian GC 
population from which it was drawn, demographics were compared to available 
data from all registered GC cases in the Victorian Cancer Registry (VCR) cohort 
for the time period over which the MAUGIC cohort was enrolled (1999-2009), 
with the MAUGIC cohort subtracted (n = 5,308).  This comparison revealed the 
MAUGIC cohort to be of similar gender distribution and ethnic background to the 
VCR cohort (Table 3.1).  

MAUGIC cohort
n = 226 (%)

VCR cohort
n = 5308 (%)

Median age (range) 67 (32-95) 72 (18-100)* p < 0.0001¶

Age
- <40
- 40-60
- 60-80
- >80

7 (3.1)
65 (28.8)

135 (59.7)
19 (8.4)

109 (2.1)
979 (18.4)

2814 (53.0)
1405 (26.5)

p = 0.014¶

Gender
- Female
- Male

73 (32.3)
153 (67.7)

1939 (36.5)
3369 (63.5)

p = 0.22

Ethnic origin
- Non-Asian
- Asian

210 (92.9)
16 (7.1)

4776 (93.1)
352 (6.9)

p = 1.00**

*1 patient missing data
** patients with missing data excluded from analysis
Chi-squared test all p-values except ¶= Wilcoxon rank sum test

Table 3.1.  Demographics of MAUGIC and VCR cohorts.

Males comprised 67.7% (153) of the MAUGIC cohort, and 63.5% (3,369) of the 
VCR cohort (p = 0.22).  Patients of non-Asian ethnicity comprised approximately 
93% of both cohorts (p = 1.00).  Patients in the MAUGIC cohort were younger than 
the VCR cohort (median age 67 years MAUGIC cohort vs 72 years VCR cohort, p 
<0.0001).  This is to be expected as the MAUGIC cohort includes only patients able 
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to undergo resection, whereas the VCR cohort includes all registered patients, 
regardless of whether they were considered resectable or fit for surgery. 

3.2.2. Description of the MAUGIC cohort
Median follow up duration was 33.5 months (range 0.3-134.8 months).  One 
hundred and forty-four patients (63.7%) had died at the end of the follow up 
period, and of these 116 (80.6%) had died from GC.  Five year OS was 39.7% 
(95% confidence interval (CI) 33.5-47.0%), five year CS was 45.9% (95% CI 39.3-
53.6%), and five year RFS was 44.7% (95% CI 38.2-52.3%).  Five patients (2.2%) 
died within 30 days of surgery, four from cardiac related causes and one from 
sepsis and acute kidney injury.  

Twenty-two surgeons performed procedures, with the range of procedures being 
1 to 46.  Three surgeons combined performed more than 50% surgeries (124 of 
226).  Patients were enrolled from 10 hospitals and more than 70% surgeries 
(162 of 226) were performed in three centres.  Excluding patients who received 
neoadjuvant therapy (n = 34), 109 patients (56.8%) underwent surgery within 
30 days of diagnosis, 75 patients (39.1%) between 30 and 90 days, and eight 
patients (4.2%) had surgery more than 90 days after diagnosis.  Median length of 
stay was 12 days (range 3-139 days).  

Table 3.2 describes the study cohort.  One hundred and thirty eight patients 
(61.1%) had a current or past history of smoking.  BMI was available for 153 
patients (67.7%), with a median BMI of 25.7 (range 16.4-46.5).  ECOG performance 
status was available for 195 patients (86.3%), 188 (83.2%) were ECOG 0 or 1.  
Information on H. pylori status was available for 183 patients (81.0%), with 101 
(44.7%) having a positive serological test or evidence of H. pylori infection on 
histology.  The majority of tumours were non-cardia in location (162, 71.7%) 
and pathological T stage T3 (135, 59.7%) with a median diameter of 35 mm.  
More than 60% (n = 136) of patients had involved lymph nodes identified in their 
surgical specimens.  The median number of lymph nodes resected was 13 (range 
1-56), the number of resected lymph nodes was not documented in one patient.  
More than 40% (n = 92) of patients had pathological American Joint Committee 
on Cancer (AJCC) stage III tumours (6th Edition, Table 2.5), and more than 5% (n 
= 14) stage IV.  Ten percent (n = 23) of tumours had positive resection margins.  
One hundred and fifteen (50.9%) patients had poorly differentiated tumours, 
42.5% (n = 96) of tumours were classified as intestinal (IGC) and 32.3% (n = 73) 
diffuse (DGC) by Lauren classification.
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Variable n (%)
BMI
- Normal range (20-25)
- Underweight (<20)
- Overweight (25-30)
- Obese (>30)
- Not documented

60 (26.5)
11 (4.9)

50 (22.1)
32 (14.2)
73 (32.3)

Helicobacter pylori status
- Positive
- Negative
- Not documented

101 (44.7)
82 (36.3)
43 (19.0)

Tumour location
- Cardia
- Non-cardia

64 (28.3)
162 (71.7)

Surgical procedure
- Distal gastrectomy
- Oesophagogastrectomy
- Proximal gastrectomy
- Total gastrectomy

86 (38.1)
46 (20.4)
14 (6.2)

80 (35.4)
T stage
- T1
- T2
- T3
- T4
- Not documented

33 (14.6)
49 (21.7)

135 (59.7)
3 (1.3)
6 (2.7)

N stage
- N0
- N1
- N2
- N3
- Not documented

87 (38.5)
88 (38.9)
37 (16.4)
11 (4.9)
3 (1.3)

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV
- Not documented

51 (22.6)
63 (27.9)
92 (40.7)
14 (6.2)
6 (2.7)

Table 3.2.  MAUGIC cohort description.
Variable n (%)
Resection margins
- Negative
- Positive
- Not documented

202 (89.4)
23 (10.2)

1 (0.4)
Lymph nodes resected
- <15
- 15-25
- >25
- Not documented

126 (55.8)
67 (29.6)
32 (14.2)

1 (0.4)
Differentiation
- Well
- Moderate
- Poor
- Undifferentiated
- Not documented

5 (2.2)
63 (27.9)

115 (50.9)
40 (17.7)

3 (1.3)
Lauren classification
- Intestinal
- Diffuse
- Mixed
- Adenocarcinoma NOS

96 (42.5)
73 (32.3)
26 (11.5)
31 (13.7)

Lymphovascular invasion
- Absent
- Present
- Not documented

76 (33.6)
114 (50.4)
36 (15.9)

Perineural invasion
- Absent
- Present
- Not documented

45 (19.9)
60 (26.5)

121 (53.5)
Signet rings
- Absent
- Present
- Not documented

12 (5.3)
63 (27.9)

151 (66.8)

One hundred and twenty two patients (54.0%) had chemotherapy as part of 
their treatment regimen, 34 (15%) in the neoadjuvant setting, 86 (38.1%) in 
the adjuvant setting and 32 (14.2%) as palliative treatment.  One hundred and 
one patients (44.7%) had radiotherapy, 15 (6.6%) in the neoadjuvant setting, 76 
(33.6%) as adjuvant treatment, and 18 (8.0%) as part of palliative treatment.  Of 
those patients who received chemotherapy in the adjuvant setting, 74 (32.7%) 
had concurrent radiotherapy.  

3.2.3 Univariate and multivariate survival analysis
The variables found to be significant on univariate analysis for CS and RFS are 
described in Table 3.3.  The variables that were significant on RFS analysis were 
similar to those predictive of CS, with the exception of surgical procedure and 
BMI.  The non-significant variables included gender, region of birth, smoking 
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Table 3.3.  Cancer specific and relapse free survival - univariate analysis.
Cancer specific survival Relapse free survival

Variable Hazard ratio 95% CI p value Hazard ratio 95% CI p value

Age (years)
- <40
- 40-60
- 60-80
- >80

1
6.04
5.36
17.6

-
0.83-44.23
0.74-38.67

2.31-133.64

<0.0001 1
2.59
2.36
7.34

-
0.62-10.81
0.58-9.62

1.67-32.29

0.0002

BMI
- Normal range (20-25)
- Underweight (<20)
- Overweight (25-30)
- Obese (>30)

1
1.59
0.75
0.52

-
0.74-3.43
0.45-1.24
0.27-1.00

0.05 1
1.56
0.80
0.52

-
0.72-3.35
0.48-1.31
0.27-0.99

0.07

Surgical procedure
- Distal gastrectomy
- Oesophagogastrectomy
- Proximal gastrectomy
- Total gastrectomy

1
1.98
1.57
1.54

-
1.21-3.24
0.76-3.25
0.99-2.41

0.04 1
1.85
1.63
1.47

-
1.13-3.01
0.79-3.38
0.95-2.28

0.08

T stage
- T1
- T2
- T3
- T4

1
1.67
3.58
5.16

-
0.78-3.60
1.85-6.92

1.12-23.68

<0.0001 1
1.66
3.71
4.57

-
0.77-3.57
1.92-7.17

1.00-20.99

<0.0001

N stage
- N0
- N1
- N2
- N3

1
2.37
3.17
8.42

-
1.49-3.75
1.82-5.51

4.12-17.19

<0.0001 1
2.53
3.50
7.37

-
1.60-4.01
2.02-6.04

3.61-15.04

<0.0001

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

1
2.60
4.30

12.76

-
1.36-5.00
2.35-7.87

5.87-27.74

<0.0001 1
2.58
4.66

11.32

-
1.35-4.96
2.55-8.52

5.22-24.57

<0.0001

Resection margins
- Negative
- Positive

1
2.98

-
1.77-5.01

<0.0001 1
2.48

-
1.48-4.15

0.0004

Tumour diameter (mm) 1.01 1.00-1.02 0.002 1.01 1.01-1.02 0.005

Node ratio 7.26 3.95-13.35 <0.0001 8.34 4.53-15.37 <0.0001

Differentiation
- Well/Moderate
- Poor
- Undifferentiated

1
1.31
2.22

-
0.84-2.03
1.32-3.73

0.008 1
1.40
2.18

-
0.90-2.17
1.30-3.67

0.01

Lauren classification
- Intestinal
- Diffuse
- Mixed
- Adenocarcinoma NOS

1
2.44
3.15
1.83

-
1.56-3.83
1.82-5.45
1.01-3.34

<0.0001 1
2.46
3.34
1.74

-
1.57-3.84
1.94-5.75
0.95-3.17

<0.0001

Lymphovascular invasion
- Absent
- Present
- Not documented

1
2.28
1.14

-
1.48-3.50
0.60-2.15

0.0002 1
2.26
1.10

-
1.48-3.45
0.59-2.07

0.0001

Perineural invasion
- Absent
- Present
- Not documented

1
2.77
1.79

-
1.53-5.02
1.01-3.14

0.002 1
2.74
1.81

-
1.51-4.95
1.03-3.18

0.002

status (never vs ever), H. pylori status, ECOG performance status, hospital case 
volume, surgeon case volume, receipt of adjuvant or neoadjuvant therapy and 
delay from diagnosis to surgery.  The presence or absence of signet rings in the 
surgical specimen was described in 75 patients (33.2%) only, and was not a 
significant predictor of survival.
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The variables found to be significant, or showing borderline significance (p <0.1) 
on univariate analysis were included in multivariate analyses for CS and RFS.  
The variables significant on multivariate analysis for both CS and RFS were AJCC 
stage, Lauren classification and age at surgery (Table 3.4.).  T stage and N stage 
were also significant on multivariate modelling, but overall AJCC stage produced 
a model with improved fit and was therefore included preferentially.  Older 
patients and tumours of higher stage had poorer survival, and patients with IGC 
had better survival than patients with DGC, mixed GC or adenocarcinoma that 
was unclassified by the Lauren classification (Figure 3.1). 

Table 3.4.  Cancer specific and relapse free survival - multivariate analysis.
Cancer specific survival Relapse free survival

Variable Hazard ratio 95% CI p value Hazard ratio 95% CI p value

Age (years)
- <40
- 40-60
- 60-80
- >80

1
12.34
12.91
44.45

-
1.66-91.75
1.74-95.15

5.66-348.80

-
0.01
0.01

0.003

1
4.92
5.34

16.92

-
1.16-20.93
1.27-22.54
3.69-77.59

-
0.03
0.03

0.0003

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

1
3.33
6.02

17.00

-
1.72-6.47

3.23-11.21
7.43-38.89

-
0.0004

<0.0001
<0.0001

1
3.16
6.16

13.09

-
1.63-6.14

3.31-11.47
5.79-29.59

-
0.0007

<0.0001
<0.0001

Lauren classification
- Intestinal
- Diffuse
- Mixed
- Adenocarcinoma NOS

1
2.77
2.82
3.87

-
1.75-4.39
1.59-5.00
2.04-7.33

-
<0.0001
0.0004

<0.0001

1
2.80
2.86
3.12

-
1.77-4.44
1.62-5.03
1.66-5.86

-
<0.0001
0.0003
0.0004

3.3  REGION OF BIRTH IS PROGNOSTIC IN VICTORIAN GASTRIC CANCER 
PATIENTS
Region of birth did not reach statistical significance in the survival analysis of 
the MAUGIC cohort, however the majority of patients were born in non-Asian 
countries.  A number of publications have now shown that differences in survival 
seen between Asian and Western countries are also seen within Western 
countries, with patients born in Asian countries but living in Western countries 
having a survival benefit (Theuer et al. 2000, Gill et al. 2003, Kim et al. 2010b, 
Kunz et al. 2012, Wang et al. 2015).  Data on country of birth was available for 
the VCR cohort, and therefore an analysis of survival by country of birth was 
performed to examine whether this phenomenon was also seen in an Australian 
setting.  

The VCR cohort includes patients who were not eligible for surgery, therefore 
for the purposes of this analysis all GC patients from the MAUGIC cohort (n = 
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Figure 3.1.  Kaplan-Meier curves for cancer specific survival.
A) Age at surgery; B) AJCC stage; C) Lauren classification.
Survival depicted in months. 
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248) were included, including those who were found to have metastatic disease 
at surgery, underwent palliative surgery, or did not have resection. 

Data on region of birth was available for 5,128 (94.8%) patients in the VCR cohort, 
and 100% in the MAUGIC cohort (Table 3.1).  Of the additional 22 patients in 
this analysis of the MAUGIC cohort, one was born in an Asian country, and 21 in 
non-Asian countries, giving a total of 231 (95.1%) patients born in non-Asian 
countries, which was not different to the proportion of patients born in non-Asian 
countries in the VCR cohort (Chi-squared test p value 0.19).  Cause of death for 
the VCR and MAUGIC cohort are described in Table 3.5, and as cause of death was 
unavailable for >50% of the VCR cohort, OS only was examined in this analysis.  

MAUGIC cohort VCR cohort

Cause of death N % of all 
cases

% of all 
deaths N % of all 

cases
% of all 
deaths

Gastric cancer 135 54.4 82.3 1548 29.2 36.8
Other 22 8.9 13.4 338 6.4 8.0
Not documented 7 2.8 4.3 2319 43.7 55.1
Not applicable 84 33.9 - 1103 20.8 -

Table 3.5.  Cause of death, MAUGIC and VCR cohorts.

Cause of death Median overall 
survival (months)

95% CI Log rank 
test p-value

MAUGIC cohort
- Asian countries
- Non-Asian countries

81.7
31.6

16.9-NA
27.2-41.8

0.34

VCR cohort
- Asian countries
- Non-Asian countries

16.7
10.2

14.0-22.6
9.7-10.8

<0.001

Table 3.6.  Overall survival by region of birth.

In both cohorts patients born in Asian countries had better OS (Table 3.6, Figure 
3.2).  The median OS in the VCR cohort was 16.7 months for patients born in Asian 
countries compared to 10.2 months for patients born in non-Asian countries, 
and in the MAUGIC cohort 81.7 months for Asian countries and 31.6 months for 
non-Asian countries.  This difference was significant in the VCR cohort.   The 
greater median survival in the MAUGIC cohort when compared to the VCR cohort 
is due to the biased enrollment in the MAUGIC cohort that was designed to collect 
only resectable cases of GC.  In contrast the VCR cohort includes all registered 
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Figure 3.2.  Kaplan-Meier curves for overall survival by region of birth. 
A) VCR cohort; B) MAUGIC cohort.
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GC cases, including those with metastatic disease at diagnosis, or those with co-
morbidities precluding curative treatment.   

The available data from the VCR unfortunately did not include information 
on histopathological subtype or stage, therefore whether this finding remains 
significant when these other prognostic factors are taken into account is 
unknown.  On univariate and multivariate analysis in the MAUGIC cohort country 
of birth was not significant.  The small number of patients in the MAUGIC cohort 
born in Asian countries (n = 17) limits the statistical power for this comparison 
in the cohort.

3.4  RELAPSE PATTERNS AFTER ADJUVANT CHEMOTHERAPY DIFFER 
BETWEEN INTESTINAL AND DIFFUSE GASTRIC CANCER
There is pre clinical and clinical evidence from retrospective and exploratory 
subgroup analyses of clinical trials that suggest IGC and DGC have different 
degrees of response to currently used chemotherapeutic regimens (Boku et al. 
2009, Tan et al. 2011, Smalley et al. 2012).  The receipt of adjuvant treatment was 
not a predictor of survival in the overall analysis of the MAUGIC cohort.  As the 
Lauren classification was a predictor of survival, whether a difference in response 
to chemotherapy by Lauren classification was confounding the apparent lack of 
benefit from adjuvant therapies in MAUGIC cohort was explored by examining 
patterns of relapse after adjuvant chemotherapy in IGC and DGC.

The enrollment period of the MAUGIC cohort, 1999-2009, encompasses a time 
when treatment of GC was changing, with the publication of the Intergroup 
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0116 study in 2001, and the MAGIC study in 2006, being the seminal studies 
showing improvement in survival in Western GC populations with adjuvant 
chemoradiotherapy and peri-operative chemotherapy respectively (Macdonald 
et al. 2001, Cunningham et al. 2006).  The small numbers of patients who received 
neoadjuvant (<20%) and adjuvant therapies (~40%) in the MAUGIC cohort 
reflects this time period.  

Those patients who would not routinely be considered for adjuvant chemotherapy 
(T1 or node negative, incomplete surgical resection or distant metastatic disease 
diagnosed at surgical procedure) were excluded from this analysis.  One hundred 
and seventy (68.5%) of the 248 patients from MAUGIC cohort remained eligible.  
Sixty one percent of these patients (n = 103) had documented relapse, and 49% (n 
= 84) received adjuvant chemotherapy (Table 3.7).  Thirty four percent of patients 
(n = 58) had DGC, and 43% (n = 73) had IGC.   Of the remaining 39 patients, 12% 
(n = 21) had mixed GC, and 11% (n = 18) were classified as adenocarcinoma not 
otherwise specified (NOS).  Forty eight percent of both DGC (n = 28) and IGC (n = 
35) patients received adjuvant chemotherapy. 

All patients
(n = 170)

DGC
(n = 58)

IGC
(n = 73)

Percentage of total 100% 34% 43%
Recurrence (% of parent) 103 (61%) 39 (67%) 29 (40%)
Adjuvant chemotherapy (% of parent) 84 (49%) 28 (48%) 35 (48%)

Table 3.7.  Recurrence and receipt of adjuvant chemotherapy.

n = 84
5-FU/capecitabine alone 35 (42%)
Platinum + 5-FU/capecitabine 2 (2%)
Anthracycline + platinum + 5-FU/capecitabine 40 (48%)
Unknown 7 (8%)

Table 3.8.  Adjuvant chemotherapy regimens.

Information on chemotherapy regimen was available for 92% (n = 77) of 
patients, all of who received a fluoropyrimidine based regimen, 50% as a doublet 
or triplet combination (Table 3.8).   Fifteen percent (n = 26) of patients received 
neoadjuvant chemotherapy or radiotherapy, and 44% (n = 74) received adjuvant 
radiotherapy, all but one with chemotherapy.  
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Lauren classification N Relapses 
(% parent)

Median RFS 95% CI

Diffuse 58 39 (67%) 15.7 months 12.5-39.8
Intestinal 73 29 (40%) Not reached 41.4-NA
Mixed 21 19 (90%) 17.3 months 13.2-33.8
Adenocarcinoma NOS 18 13 (72%) 19.3 months 14.1-NA

Table 3.9.  Relapse in adjuvant treatment eligible patients.

Median follow up duration for all 170 patients was 27.5 months (range 1-135).  
The number of relapses and median time to relapse for different histological 
subtypes by Lauren classification are described in Table 3.9.  As in the analysis 
of the resectable cohort described in Table 3.3 and Figure 3.1, IGC patients had 
significantly better RFS than all other histological groupings, and consistent with 
this had a smaller proportion of patients with documented relapse  (Table 3.9, 
Figure 3.3.A).

Figure 3.3.  Kaplan-Meier curves for relapse free survival in adjuvant 
therapy eligible patients. 
A) Lauren classification in all GC; B) Adjuvant chemotherapy in all GC; C)  Adjuvant 
chemotherapy in DGC; D) Adjuvant chemotherapy in IGC.
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Table 3.10 and Figure 3.3 describe the RFS analysis in all chemotherapy eligible 
patients by receipt of adjuvant chemotherapy in all GC patients, and in DGC and 
IGC patients.  The survival curves for patients who did and did not receive adjuvant 
chemotherapy in all GC patients are nearly identical (Figure 3.3.B), reflecting the 
median RFS of 25.9 months in patients who received adjuvant chemotherapy, 
and 24.0 months in those who did not (Table 3.10).  In DGC patients, median 
RFS in those who received adjuvant chemotherapy was 13.7 months, and in 
those who did not was 34.2 months.  In patients with IGC who received adjuvant 
chemotherapy median RFS was not reached, and 49.2 months in patients who 
did not.  None of these comparisons reached statistical significance.  Examination 
of the Kaplan Meier curves and hazard ratio (HR) for the IGC subset of patients 
suggests some benefit of adjuvant chemotherapy, with separation of the curves, 
and the HR for adjuvant chemotherapy being below one (HR 0.56, 95% CI 0.27-
1.17, p = 0.12, Figure 3.3.D).  In contrast, in DGC patients, the separation of curves 
is much less apparent, and with the HR for adjuvant chemotherapy above one, 
potentially suggestive of lack of benefit (HR 1.26, 95% CI 0.67-2.38, p = 0.47, 
Figure 3.3.C).

Median RFS 
(months)

95% CI Hazard 
ratio

95% CI Log rank 
test p 
value

All GC
- No adjuvant chemo
- Adjuvant chemo

24.0
25.9

16.1-49.2
20.0-69.7

1
0.86

-
0.58-1.26

0.45

Diffuse
- No adjuvant chemo
- Adjuvant chemo

34.2
13.7

13.8-NA
8.8-44.4

1
1.26

-
0.67-2.38

0.47

Intestinal
- No adjuvant chemo
- Adjuvant chemo

49.2
Not reached

15.0-NA
41.1-NA

1
0.56

-
0.27-1.17

0.12

Table 3.10.  Relapse free survival by receipt of adjuvant chemotherapy.

Sixty two percent (n = 52) of patients who received chemotherapy relapsed, with 
a median time to relapse of 15 months (range 2-44 months).  In DGC 79% (n = 22) 
of patients receiving adjuvant chemotherapy relapsed (median time to relapse  10 
months, range 6-44 months) and in IGC patients 34% (n = 12) relapsed (median 
time to relapse 23 months, range 2-41 months).  The histograms in Figure 3.4 
show the different patterns of relapse in all GC, DGC and IGC, with the majority 
of DGC patients relapsing within the first year after surgery, in comparison there 
is a steady rate of relapse in IGC.  The early relapse pattern seen in DGC patients 
suggests minimal, if any benefit from adjuvant chemotherapy in these patients.
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Figure 3.4.  Time to relapse after adjuvant chemotherapy in months.  
A) All gastric cancer; B) Diffuse gastric cancer; C) Intestinal gastric cancer.
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3.5  DISCUSSION
The results from this analysis reflect the considerable clinical heterogeneity of 
GC.  Clinical factors such as age, stage, Lauren histotype and ethnicity all affect 
prognosis, and as yet not all of these are utilised in the clinical setting. 

This analysis represents the first multi-centre analysis of prognostic factors for 
resectable GC in Australia, and represents a predominantly Western demography.  
The variables identified as prognostic after curative resection in this cohort are 
consistent with those previously described, suggesting that the Australian GC 
population has prognostic variables similar to other international cohorts.  

Lauren classification was a highly significant variable on multivariate analysis.  
Lauren classification has been reported as prognostic in some GC cohorts (Kim 
et al. 1998, Marrelli et al. 2011, Qiu et al. 2013), but is not always reported 
(Maruyama 1998, Siewert et al. 1998, Son et al. 2012), and data are incomplete 
in other studies (Kunz et al. 2012).  Incomplete reporting of Lauren classification 
is one potential explanation as to lack of prognostic significance in some cohorts.  
This study further emphasises the value of Lauren classification as a prognostic 
factor in GC, with patients with IGC having better survival.

Advancing age has been described as an independent predictor of overall and 
disease free survival previously, and as an independent predictor of survival 
in metastatic GC (Kim et al. 1998, Marrelli et al. 2011, Yang et al. 2011).  With 
near complete cause of death information in the MAUGIC cohort, CS analyses 
were performed, and confirmed advancing age as being associated with poorer 
outcome on multivariate analysis.  Small number of patients at both extremes 
make subgroup analyses problematic, but it can be hypothesised that the patients 
in the oldest age group are more likely to have competing co-morbidities, which 
limit the extent of surgery and additional treatments, thereby compromising 
their survival.

The MAUGIC cohort shows comparable post-operative mortality outcomes to 
other Western cohorts, but lower OS than some (Bonenkamp et al. 1995, Cuschieri 
et al. 1996, Cuschieri et al. 1999).  The survival of the MAUGIC cohort is less than 
that reported in a recently published single centre Australian cohort (five year 
OS 39.7% vs 53%), however the MAUGIC cohort includes a greater proportion 
of patients with higher stage disease and also a lower median number of lymph 
nodes resected (13 vs 21) (Thomson et al. 2013).  The survival of the MAUGIC 
cohort is comparable to other cohorts or studies where the median number of 
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lymph nodes resected is less than 16, the recommended minimum by the National 
Comprehensive Cancer Network and AJCC GC guidelines (Cuschieri et al. 1999, 
Edge et al. 2010, Wang et al. 2012b).  Although the total number of lymph nodes 
resected was not prognostic in the MAUGIC cohort, this is possibly confounded 
by the observation that patients with more extensive disease underwent 
more extensive lymphadenectomy.  Inadequate lymph node examination will 
result in inadequate staging of patients, leading to some patients with poorer 
prognosis being placed in earlier stage groupings and possibly contributing to 
lost opportunity for adjuvant therapies for high risk patients.  Inadequate lymph 
node resection will also increase the likelihood of an incomplete resection, with 
positive lymph nodes being left in situ and potentially the source of recurrence.   

The volume of surgical procedures performed by both surgeon and hospital has 
been reported as being independently prognostic in some series (Hannan et al. 
2002, Gruen et al. 2009, Mamidanna et al. 2015).  The MAUGIC cohort was enrolled 
from several institutions as part of a tissue banking program, and therefore 
includes only patients consented to tissue banking.  Not all surgeries performed 
by individual surgeons or institutions are captured within the MAUGIC cohort, 
thus limiting any conclusions on outcome based upon the volume of procedures 
from this analysis.

Adequacy of surgical resection is a major prognostic factor for GC, with patients 
who have residual disease post surgery showing poor survival (Edge et al. 2010).  
The timing of relapse seen with DGC, with the majority of patients relapsing in 
the first 12 months post surgery, could be interpreted as suggesting that more 
patients with DGC had microscopic residual disease than those with IGC.  The 
pattern of relapse, however, may be more of a reflection of the biology of DGC, 
being a more infiltrative disease with a propensity for microscopic submucosal 
and transcoelomic spread.  This means conventional staging, surgical and 
pathological techniques are less able to accurately identify DGC that has 
spread beyond the stomach.  For the analysis examining relapse after adjuvant 
chemotherapy in DGC and IGC, patients who had an R1 resection, or were found 
to have metastases at surgery, including peritoneal metastases were excluded in 
an attempt to remove patients with residual macroscopic or microscopic disease.  

Less than 20% of patients received neoadjuvant therapy, and just over 30% 
of patients received adjuvant chemotherapy or radiotherapy.  This reflects the 
study enrollment period, with the Intergroup 0116 study, published in 2001, and 
the MAGIC study, published in 2006, showing a survival advantage for adjuvant 
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chemoradiotherapy and peri-operative chemotherapy respectively likely 
influencing treatment received by patients over the cohort enrollment period 
(Macdonald et al. 2001, Cunningham et al. 2006).  As an observational study of 
a tissue banking cohort, the decision on extent of surgery and whether a patient 
received multi-modality therapy in the MAUGIC cohort was determined by the 
treating clinician.  The reasoning behind the treatment plan for individual patients 
was not available for analysis.   There are a number of potential confounding 
factors that will influence whether a patient received additional therapies that 
need to be considered.  The decision on whether a patient receives adjuvant 
chemotherapy or radiotherapy is not determined solely by their staging and 
completeness of surgical resection, but also by their co-morbidities, fitness after 
and complications of surgery, as well as patient and treating team choice.  Patients 
who are less fit, or have complications from surgery are less likely to receive 
adjuvant treatments, and this may influence their risk of relapse and survival.  
These factors cannot be directly accounted for.  The only marker of fitness or co-
morbidities recorded for the MAUGIC cohort is ECOG performance status, and 
majority of patients in the MAUGIC cohort were ECOG performance status 0 or 
1 (96% of patients where information on ECOG was available).  Although not 
an ideal marker of co-morbidity, this provides some suggestion that fitness pre-
surgery for the majority of patients would not have precluded adjuvant therapy.  

At present, the only situation where a molecular subgroup influences GC 
treatment is for HER2 positive GC in the metastatic setting, where the addition 
of trastuzumab is associated with an improvement in OS (Bang et al. 2010).   In 
the adjuvant setting, all GCs are treated as equals, with stage being the major 
determinant of whether peri-operative chemotherapy or post-operative 
chemoradiotherapy is recommended.  The results of this analysis (although not 
statistically significant) suggest a potential difference in benefit from adjuvant 
5-FU based chemotherapy between DGC and IGC, providing some evidence that as 
well as being prognostic Lauren classification is potentially predictive of response 
to 5-FU based chemotherapy.  This is consistent with a retrospective subgroup 
analysis of the Intergroup 0116 trial, which demonstrated the survival benefit of 
adjuvant chemoradiotherapy after curative resection for GC.  When histological 
subtype by Lauren classification was examined in this trial it was noted that 
patients with DGC did not appear to benefit from adjuvant chemoradiotherapy, 
with a median OS from surgery alone of 42 months, and 31 months with the 
addition of chemoradiotherapy (Smalley et al. 2012).  Because of small numbers 
multivariate analysis examining relapse after adjuvant chemotherapy in the 
DGC and IGC subgroups was not performed, however in the resectable cohort 
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analysis there was no interaction between Lauren classification, age at surgery 
or AJCC stage, suggesting that the different patterns of relapse seen by Lauren 
classification in the adjuvant chemotherapy eligible patients are not likely to be 
strongly influenced by stage or age.

The effect of adjuvant chemoradiotherapy has not been directly explored in 
this analysis.  More than 40% of patients who would be routinely considered 
for adjuvant treatment also received adjuvant radiotherapy, with a higher 
proportion of DGC patients having radiotherapy in addition to chemotherapy 
than IGC patients (50% vs 38%, Table 3.9).  The early relapse and poorer survival 
seen in DGC patients suggests that the benefit of radiotherapy may also be less 
in this subtype of GC.  This is consistent with the ARTIST trial, which examined 
the addition of radiotherapy to cisplatin and capecitabine (CX) chemotherapy 
in the adjuvant setting in a Korean population, where on subgroup analysis an 
improvement in three year disease free survival (DFS) was seen in IGC patients 
but not DGC patients with the addition of radiotherapy (Park et al. 2015). .

There is at least one currently recruiting clinical trial investigating treatment 
sequencing in a histological subset of GC.  PRODIGE 19 compares primary surgery 
followed by chemotherapy (ECF or ECX) to peri-operative chemotherapy in 
signet ring cell carcinomas of the stomach in the adjuvant setting (Piessen et al. 
2013).  This trial is examining a different histological classification to the Lauren 
classification, as although signet rings are frequently observed in DGC, they can 
be seen in IGC or mixed GC.  Although this trial may answer the question as to 
whether peri-operative chemotherapy improves surgical resection or survival 
in this subset of GC, and has the potential to provide a rich biobank for future 
investigation, it will not provide an answer as to whether non-fluoropyrimidine 
based chemotherapy regimens may be more efficacious in DGC.  The AIO-
sto-0210 FLOT4 study (NCT01216644), which is comparing epirubicin, cisplatin 
and 5-FU (ECF) to 5-FU, oxaliplatin and docetaxel (FLOT) in the peri-operative 
setting in oesophagogastric cancer will give the opportunity to examine whether 
the addition of a taxane is more effective in patients with DGC, although this does 
not appear to be a prospectively identified outcome measure for the trial (Pauligk 
et al. 2013).

The ability to investigate the impact on survival of some variables in this cohort 
may be limited by small numbers in some subgroups.  For example, less than 10% 
of cases had positive resection margins, and less than 5% cases were described 
as well differentiated, both variables that were significant on univariate but not 
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multivariate analysis.  Missing data for some variables will also limit the ability 
to identify any prognostic impact.  More than 50% patients did not have the 
presence or absence of PNI described in their pathology report, and >15% did not 
have the presence of LVI reported.  Despite this, both variables were significant 
on univariate analysis, but again were not on multivariate analysis.  In one study 
where the presence or absence of PNI was specifically assessed, more than 75% 
patients had PNI, and this was predictive of survival on multivariate analysis 
(Bilici et al. 2010).  Omitting variables, such as PNI from reports decreases the 
prognostic information available for individual patients, and under-reporting on 
a systemic scale makes investigation of prognostic variables problematic.  

One clinical variable for which data was only available for 67% patients was 
BMI.  BMI has been associated with increased risk of GC, and with higher post-
operative morbidity in some series (Inagawa et al. 2000, Tokunaga et al. 2009, 
Turati et al. 2013).  Although higher BMI has been put forward as a hypothesis 
to explain the poorer survival seen from GC in Western populations when 
compared to Asian populations, it has also been associated with better long 
term OS, which is consistent with the findings from the MAUGIC cohort where 
patients with a higher BMI had improved CS on univariate analysis (Inagawa et 
al. 2000, Tokunaga et al. 2009).  This may reflect that patients with lower BMI 
have malnutrition and more advanced tumours than patients with higher BMI.  
Unfortunately only one of five patients with early post-operative mortality had 
BMI information available, therefore no comment can be made on the effect of 
BMI on post-operative mortality in this cohort. 

The limited data available for the VCR cohort, a cancer registry cohort, also limits 
the analyses that can be performed at a population level.  The most notable 
omission from the VCR cohort is the lack of cause of death data.  Collecting cause 
of death, and basic information on stage and histology for cancer registrations 
would significantly increase the value of cancer registry data.  The importance of 
reporting and collection of prognostic variables cannot be emphasised enough.  
At the patient level, it can be used to inform treatment decisions in real time, and 
at a systemic level it can be used to help understand the heterogeneity seen in GC, 
to inform clinical trial design and to inform local treatment practices.  

The changing incidence of GC globally is thought to reflect changing environmental 
factors, and environmental and local treatment practices have been assumed to 
be the major variables affecting the differences in survival seen in Asian countries, 
particularly Japan and Korea (Allemani et al. 2015).  The finding of a survival 
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benefit in Asian patients in this Australian setting, where patients have received 
similar treatments, adds to the evidence that there may be molecular differences 
in GC from patients with differing ethnicity, although because of the limitations of 
the data available for the VCR cohort multivariate analysis cannot be performed 
to confirm this.  Whether a 2nd or 3rd generation Australian with grand-parents 
or great grand-parents born in Asia has a survival advantage for GC would be 
of interest.  This would help to determine whether environmental exposures 
from early in life prior to immigration play a major impact in the survival from 
GC, and then by implication the type of GC a patient has.  The small numbers of 
Asian born patients in the MAUGIC cohort limits the ability to assess molecular 
differences using this cohort alone.  As the number of GCs that are molecularly 
profiled, with ethnicity data available increases, the question of whether it is 
nature, nurture or both that is influencing these survival differences may be 
better answered.  Currently, country of birth, or ethnicity, needs to be considered 
when interpreting studies on GC, whether these are clinical trials investigating 
treatments, or studies investigating molecular subtypes of GC, as studies may not 
be generalisable. 

This analysis demonstrates that variables associated with survival after surgery 
for GC in an Australian setting are consistent with known prognostic variables 
including AJCC stage, age at surgery and Lauren classification.  It adds to the data 
suggesting differing survival based on country of birth regardless of country of 
treatment, and to the evidence suggesting that as well as being prognostic Lauren 
classification may be predictive of response to currently used chemotherapeutics.  
The poor survival from GC globally demonstrates that we need to find more 
effective treatments for GC, the most efficient way of doing this is likely to be by 
examining and treating the different subtypes of GC separately.  While clinically 
relevant molecular subtypes are awaited, investigating DGC and IGC separately is 
a good starting point.
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CHAPTER 4

Intestinal and diffuse gastric cancer show distinct 
gene expression profiles with prognostic impact

4.1  INTRODUCTION
The inter-tumoural heterogeneity of gastric cancer (GC) has been shown in a 
number of publications, using a number of platforms (Boussioutas et al. 2003, 
Ooi et al. 2009, Shah et al. 2011, Tan et al. 2011, Deng et al. 2012, Lei et al. 2013, 
Cancer Genome Atlas Research Network 2014, Song et al. 2014a, Wang et al. 2014b, 
Wong et al. 2014, Chen et al. 2015, Li-Chang et al. 2015).  This heterogeneity has 
not as yet translated to meaningful changes in clinical practice.  Currently none of 
the proposed molecular subtypes are used for prognostic or treatment purposes, 
and all GCs, with the exception of HER2 positive GC in the metastatic setting, are 
treated with the same approach.  

The MAUGIC cohort has robust survival data, and previously generated gene 
expression data from Affymetrix HG-U133+2.0 microarrays is available for 100 
tumours and 52 matched normal tissues from the cohort (see Section 2.2.1).  
I have utilised this gene expression data to investigate how single gene and 
pathway expression differs between the prognostic clinical variables identified 
in Chapter 3.  Multivariate survival analysis is then performed on candidate genes 
to identifying genes and pathways that are implicated in survival, and therefore 
potentially able to provide additional prognostic information for patients, and 
lead to identification of subtypes of GC which could be explored in future studies 
investigating more targeted therapeutic approaches.  Progression free  survival 
(PFS) was chosen as the endpoint for these analyses, as eight patients for whom 
gene expression data was available had undergone either palliative resections 
or had metastases identified at surgery, thereby allowing the data from these 
patients to be included.  From the clinical survival analysis described in Chapter 
3 it can be noted that relapse is highly influential of survival from GC, with 
most patients who relapse dying of GC, therefore the outcome investigated in 
survival analyses was PFS.  As American Joint Committee on Cancer (AJCC) stage 
and Lauren classification were shown to predict survival in the clinical analysis 
described in Chapter 3, the clinical and pathological variables explored were the 
Lauren classification, T stage and presence or absence of nodal metastases.  In 
addition, an exploratory analysis comparing patients who did and did not relapse 
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Variable N
Tumour 100
Matched normal 52
Lauren classification
- Diffuse
- Intestinal
- Mixed

40
49
11

T stage
- T1
- T2
- T3
- T4

9
23
67
1

N stage
- Node negative
- Node positive

31
69

Relapse
- No
- Yes
- Not available

37
58
5

Adjuvant therapy
- No
- Yes

61
39

Table 4.1.  Clinical characteristics of tumours with HG-U133+2.0 gene 
expression data.

was also performed.  The methods describing these analyses are given in Sections  
2.3.2-2.3.4.  

This analysis identifies a number of genes and pathways that show differential 
expression between diffuse gastric cancer (DGC) and intestinal gastric cancer 
(IGC).  Additionally the analysis identifies that genes with influence on outcome 
differ between the two Lauren classification subtypes.  It also highlights the 
importance of immune signalling in GC progression, with a number of immune 
signalling related pathways downregulated in tumours from patients who 
relapse.

4.2  CLINICAL CHARACTERISTICS OF THE MICROARRAY COHORT
Table 4.1 describes the clinical characteristics of the tumours for which gene 
expression data has been generated.  Because of the small numbers of T1 (n = 
9) and T4 (n = 1) tumours in the cohort, for the purposes of this analysis T1 
tumours were combined with T2, and T4 with T3.  Six patients included in this 
subset of the cohort had undergone palliative operations (one for bleeding, one 
for obstruction, and four with clinical concern about the presence of distant nodal 
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Analysis Differentially 
expressed genes (n)

Appendix/
Table

Normal (n = 52) vs Tumour (n = 100)* 342 Appendix B
Normal vs diffuse (n = 40)* 428 Appendix C
Normal vs intestinal (n = 49)* 431 Appendix D
Intestinal vs diffuse 93 Table 4.3
T1/2 (n = 32) vs T3/T4 (n = 68) 0
Node negative ( n = 31) vs node positive ( n = 69) 0
No relapse (n = 37) vs relapse (n = 58) 0

*Gene lists corresponding to the analyses are found in the listed appendices

Table 4.2.  Numbers of differentially expressed genes per comparison.

or peritoneal metastases not confirmed on pre-surgical staging investigations), 
and two patients were found to have distant metastases at surgery.  

4.3.  INTESTINAL AND DIFFUSE GASTRIC CANCER SHOW MORE VARIED 
GENE EXPRESSION THAN T STAGE OR N STAGE
Table 4.2 gives the total number of differentially expressed genes for each 
comparison made, and the location of the gene list.  Both DGC (428 genes) and 
IGC (431 genes) had a greater number of differentially expressed genes when 
compared to normal tissue than a comparison with all tumours (342 genes).  
This finding indirectly suggests that there is molecular heterogeneity in gastric 
adenocarcinomas that is masked by combining all tumours together.  

When IGC and DGC were compared, 93 genes were differentially expressed 
(Table 4.3).    Although expression analyses across studies and across platforms 
have shown low correlation, a number of genes found to be differentially 
expressed between IGC and DGC in the MAUGIC cohort have previously been 
reported as having differential expression between normal gastric tissue and GC 
and between DGC and IGC (Boussioutas et al. 2003, Chen et al. 2003, Tan et al. 
2003, Forster et al. 2011, Holbrook et al. 2011, Shah et al. 2011).  For example 
thrombospondin 4 (THBS4), secreted frizzled-related protein 4 (SFRP4), alcohol 
dehydrogenase IB (ADH1B), insulin-like growth factor 2 mRNA binding protein 3 
(IGF2BP3) and members of the melanoma associated antigen A (MAGEA) family 
have had differential expression between normal gastric tissue and GC reported 
(Chen et al. 2003, Holbrook et al. 2011). Higher expression of THBS4, SFRP4, 
osteoglycin (OGN), insulin-like growth factor 1 (IGF1) and ATP-binding cassette, 
subfamily A member 8 (ABCA8) have been noted in DGC when compared to 
IGC (Boussioutas et al. 2003, Forster et al. 2011, Shah et al. 2011).  Although in 
the Cancer Genome Atlas (TCGA) GC analysis DGC was not directly compared 
to IGC, 73% (40/55) of the genomically stable (GS) subtype were DGC (Cancer 
Genome Atlas Research Network 2014).  In the comparison of the 10 genes 
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Gene symbol logFC
Average 

Expression P.Value adj.P.Val
OGN 2.49 7.41 1.06E-07 5.04E-05
THBS4 2.36 8.19 4.24E-10 8.46E-06
ADH1B 2.19 7.55 1.32E-06 1.62E-04
C7 2.06 7.76 3.67E-07 8.23E-05
CHRDL1 2.00 6.57 1.93E-08 2.66E-05
ABCA8 2.00 7.07 4.80E-07 9.77E-05
DES 1.95 8.26 4.14E-06 3.28E-04
SFRP2 1.89 9.45 5.40E-06 3.93E-04
PLN 1.88 8.14 2.93E-07 7.37E-05
C2orf40 1.81 6.98 6.74E-06 4.57E-04
SCRG1 1.76 6.40 1.36E-06 1.63E-04
SYNM 1.75 8.78 3.37E-05 1.44E-03
LEPR 1.74 6.80 8.37E-08 4.49E-05
OMD 1.73 5.50 6.02E-09 1.54E-05
MIR100HG 1.72 6.54 2.50E-07 6.81E-05
CCDC80 1.72 8.68 3.61E-07 8.23E-05
CNN1 1.71 8.98 1.59E-06 1.77E-04
SYNPO2 1.71 9.43 6.56E-07 1.18E-04
MYH11 1.69 10.90 6.71E-06 4.57E-04
COL14A1 1.69 7.75 1.10E-07 5.04E-05
SCN7A 1.67 4.85 6.18E-09 1.54E-05
MAGEA3 -1.65 5.40 3.63E-03 3.88E-02
MAGEA6 -1.65 5.20 3.48E-03 3.78E-02
MMP12 -1.64 8.74 3.45E-05 1.46E-03
SORBS1 1.63 8.47 2.39E-06 2.30E-04
ACTG2 1.63 10.66 1.46E-05 8.12E-04
SRPX 1.62 7.54 2.36E-07 6.62E-05
PGM5 1.60 7.59 6.81E-07 1.18E-04
LMOD1 1.60 8.14 1.76E-07 6.06E-05
CCL20 -1.59 7.95 2.13E-05 1.05E-03
EPHA3 1.59 5.97 8.35E-08 4.49E-05
ANK2 1.57 6.70 1.22E-07 5.04E-05
SFRP1 1.57 6.65 3.07E-05 1.35E-03
PRUNE2 1.53 7.62 4.07E-06 3.28E-04
FBLN1 1.53 9.02 5.75E-07 1.08E-04
MAMDC2 1.52 5.65 2.88E-07 7.37E-05
IGF1 1.47 7.48 9.66E-06 5.98E-04
SFRP4 1.47 8.05 4.24E-04 8.79E-03
MGP 1.45 11.17 1.33E-06 1.63E-04
ABI3BP 1.43 7.96 8.47E-06 5.41E-04

Table 4.3. Differentially expressed genes. 
Reference - intestinal gastric cancer, sample - diffuse gastric cancer
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Gene symbol logFC
Average 

Expression P.Value adj.P.Val
CEACAM7 -1.42 6.44 1.79E-03 2.37E-02
FOXP2 1.41 6.43 3.79E-07 8.31E-05
ATP1A2 1.41 5.45 1.60E-07 5.90E-05
MYOCD 1.41 6.68 4.11E-06 3.28E-04
NRXN3 1.41 6.44 3.17E-05 1.37E-03
CILP 1.40 6.79 2.31E-08 2.88E-05
MSRB3 1.40 8.42 8.19E-07 1.24E-04
ASPN 1.40 10.04 4.04E-07 8.67E-05
RUNX1T1 1.39 6.68 1.99E-07 6.15E-05
MEOX2 1.39 4.29 8.90E-08 4.55E-05
FHL1 1.38 10.54 8.62E-07 1.27E-04
CYP1B1 1.38 7.66 3.88E-05 1.58E-03
ST7L 1.38 6.33 1.50E-09 9.97E-06
PI3 -1.36 8.13 4.44E-04 9.05E-03
RSPO3 1.35 7.44 5.41E-06 3.93E-04
MRGPRF 1.34 7.41 1.24E-07 5.04E-05
NEXN 1.33 7.15 4.12E-07 8.74E-05
NEGR1 1.33 5.74 2.28E-07 6.52E-05
CFH 1.33 7.93 1.88E-07 6.15E-05
KCNMA1 1.32 8.46 1.81E-06 1.92E-04
MIR143HG 1.31 7.68 1.05E-06 1.40E-04
PRRX1 1.30 7.77 7.67E-06 5.10E-04
CFD 1.30 8.44 2.54E-06 2.39E-04
BAMBI -1.30 6.79 4.16E-06 3.28E-04
LMO3 1.30 6.21 8.55E-08 4.49E-05
AOC3 1.29 7.68 5.37E-08 4.12E-05
RERG 1.29 7.58 6.56E-08 4.36E-05
COL8A1 1.29 8.38 5.06E-04 9.87E-03
SMAD9 1.28 7.06 1.54E-06 1.74E-04
C14orf132 1.28 6.84 2.72E-09 1.36E-05
EFEMP1 1.28 9.32 2.28E-05 1.10E-03
IGF2BP3 -1.27 5.93 1.15E-03 1.76E-02
MAGEA12 -1.27 4.76 4.45E-03 4.43E-02
GREM1 1.27 10.21 2.82E-04 6.58E-03
COLEC12 1.27 6.58 1.18E-07 5.04E-05
GAS1 1.27 7.31 3.84E-05 1.58E-03
SYNC 1.26 5.77 1.76E-06 1.88E-04
ARHGEF26 1.26 6.62 2.53E-07 6.81E-05
C1QTNF7 1.26 4.96 1.34E-06 1.63E-04
DMD 1.26 6.83 4.56E-06 3.50E-04

Table 4.3 continued
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Gene symbol logFC
Average 

Expression P.Value adj.P.Val
FRZB 1.26 7.62 1.14E-05 6.70E-04
FABP4 1.26 7.18 8.11E-04 1.39E-02
RBMS3 1.25 7.16 4.59E-07 9.44E-05
MFAP5 1.25 7.49 1.40E-05 7.89E-04
SPON1 1.23 8.85 6.01E-07 1.09E-04
FCER1A 1.23 5.31 7.29E-07 1.21E-04
PEG3 1.22 5.09 1.63E-07 5.92E-05
RGMA 1.21 7.63 2.29E-07 6.52E-05
SSPN 1.21 7.35 3.93E-07 8.52E-05
ITGBL1 1.21 7.66 2.19E-05 1.08E-03
RASSF8 1.20 5.81 2.60E-07 6.93E-05
BOC 1.20 7.97 3.23E-08 3.08E-05

Table 4.3 continued

showing the largest differential fold change in both the positive and negative 
directions in the GS subtype compared to other TCGA molecular subtypes a 
number of genes identified in the comparison of DGC with IGC in the MAUGIC 
cohort also appear.  These include nine of the ten most differentially abundant 
transcripts in the GS subtype when compared to the other molecular subtypes 
being significantly upregulated in DGC compared to IGC in the MAUGIC cohort 
(OGN, THBS4, complement component 7 (C7), desmin (DES), chromosome 2 
open reading frame 40 (C2orf40), synemin (SYNM), calponin 1 (CNN1), myosin 
heavy chain 11 (MYH11), and actin gamma 2 (ACTG2)).  Of the top 10 genes with 
lowest differential expression in the GS subtype compared to other molecular 
subtypes in the TCGA three (C-C motif chemokine ligand 20 (CCL20), matrix 
metallopeptidase 12 (MMP12) and peptidase inhibitor 3 (PI3)) were identified 
as having lower expression in DGC compared to IGC.

There were no genes identified as differentially expressed between T1/T2 and 
T3/T4 tumours, between node negative and node positive tumours, or between 
patients that did and did not relapse.

4.4  PATHWAY ANALYSIS IDENTIFIES RECURRENTLY PERTURBED PATHWAYS 
ACROSS MULTIPLE COMPARISONS
Pathway analyses, which focus on related gene sets with common biological 
function, are a method of analysing gene expression data that includes prior 
knowledge to identify potentially biologically relevant differences between two 
samples (Subramanian et al. 2005).  Pathway analyses were performed on the 
gene expression set to further delineate biological processes of significance in 
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Reference Sample q= Upregulated 
pathways

Downregulated 
pathways

2 direction 
perturbed 
pathways

Normal Diffuse 0.1
0.05

65
63

62
59

115
109

Normal Intestinal 0.1
0.05

54
50

62
59

117
116

Intestinal Diffuse 0.1
0.05

38
26

43
36

115
109

T1/T2 T3/T4 0.1
0.05

43
38

19
14

118
115

Node negative Node positive 0.1
0.05

18
9

13
8

119
118

No relapse Relapse 0.1
0.05

7
7

24
9

118
117

Table 4.4. Unpaired pathway analysis.

Reference Sample q= Upregulated 
pathways

Downregulated 
pathways

2 direction 
perturbed 
pathways

Normal Diffuse 0.1
0.05

21
17

22
16

30
21

Normal Intestinal 0.1
0.05

32
25

13
10

34
21

Intestinal Diffuse 0.1
0.05

8
5

11
7

10
7

T1/T2 T3/T4 0.1
0.05

17
12

1
1

20
11

Node negative Node positive 0.1
0.05

2
2

0
0

13
8

No relapse Relapse 0.1
0.05

0
0

6
2

11
2

Table 4.5. As group pathway analysis.

GC (see Section 2.3.3).  Absolute numbers of pathways with significant gene 
expression differences, at two significance levels, are given in Table 4.4 for the 
unpaired analyses (where expression values from each individual reference 
tumour is compared to each individual sample tumour) and Table 4.5 for the as 
group analyses (where expression values for all reference tumours are compared 
to all sample tumours as groups), with higher numbers of pathways showing 
differential regulation in the unpaired analyses.  In almost all comparisons the 
greatest number of significant pathways was identified as being perturbed in two 
directions, the only comparison where this is not the case is between IGC and DGC 
in the as group analysis, where the number of pathways down regulated in DGC 
is equal to or greater than the number of pathways perturbed in two directions.  
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The pathway analysis identified differences between stage groupings, and the 
absence or presence of relapse when the analysis of differentially expressed 
genes did not, suggesting greater ability to identify differences within small 
subgroups.  Further pathway analyses were therefore made comparing patients 
who relapsed within six months of surgery with those who did not relapse, and 
within the subset of patients who received adjuvant chemotherapy and did and 
did not relapse.  Although these analyses identified differences in expression 
of pathways, on examination of analysis output it became apparent that single 
cases were influencing overall results raising the concern that results from these 
smaller analyses may not be robust or reproducible, and highlighting that an 
outlier within any group in a comparison may skew the results.

Differentially expressed pathways for the as group analyses of IGC compared 
to DGC and T stage are given in Table 4.6 and for node negative compared to 
node positive, and no relapse compared to relapse in Table 4.7.  The differentially 
expressed pathways for the DGC and IGC comparisons with normal tissue 
are given in appendix E and F.  A number of pathways were significant across 
multiple comparisons, most notably the focal adhesion pathway, which was the 
most significantly perturbed pathway in the comparisons of IGC with DGC, T 
stage and nodal positivity.  It also features in the comparison of normal gastric 
tissue with DGC and IGC.  Table 4.8 gives the gene list for the focal adhesion 
Kyoto Encyclopaedia for Genes and Genomes (KEGG) pathway, Figure 4.1.A is the 
heatmap of the focal adhesion pathway comparison between IGC and DGC, and 
the KEGG graphs of the pathway for DGC and IGC compared to normal gastric 
epithelium are shown in Figures 4.2 and 4.3 respectively.  The focal adhesion 
pathway includes a number of genes that have been identified as being important 
in cancer in general, for example CTNNB1, PTEN and PIK3CA, and includes RHOA 
which has been identified as being recurrently mutated in DGC (Cancer Genome 
Atlas Research Network 2014, Kakiuchi et al. 2014, Wang et al. 2014b, Wong et al. 
2014, Chen et al. 2015).  It also contains a number of targetable genes, including 
BRAF, ERBB2, MET and the vascular endothelial growth factor (VEGF) family.  
Genes that occur in the list of differentially expressed genes between IGC and 
DGC, and this pathway are THBS4 and IGF1.  Up-regulation of the focal adhesion 
pathway and the related extracellular matrix (ECM)-receptor interaction 
pathway in DGC compared to IGC is not an unexpected finding, with transcripts 
from genes of ECM components found to be more abundant in DGC than IGC 
previously (Chen et al. 2003).  Because of the number of genes in this pathway, 
only those showing the greatest discriminating expression on the heatmaps were 
included as candidates to take forward to the survival analysis.
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Table 4.7. As group pathw
ay analysis significant pathw

ays for N
 stage and relapse.

Reference
Sam

ple
U
pregulated	  pathw

ays
D
ow

nregulated	  pathw
ays

2	  direction	  perturbed	  pathw
ays

hsa04810	  Regulation	  of	  actin	  cytoskeleton	  	  	  	  	  
hsa04510	  Focal	  adhesion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa04610	  Com
plem

ent	  and	  coagulation	  cascades	  	  
hsa04512	  ECM

-‐receptor	  interaction	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04270	  Vascular	  sm

ooth	  m
uscle	  contraction	  	  	  	  	  	  	  	  	  	  	  

hsa04610	  Com
plem

ent	  and	  coagulation	  cascades	  	  	  	  	  	  	  	  	  	  
hsa04062	  Chem

okine	  signaling	  pathw
ay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa00980	  M
etabolism

	  of	  xenobiotics	  by	  cytochrom
e	  P450	  

hsa04514	  Cell	  adhesion	  m
olecules	  (CAM

s)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa03320	  PPAR	  signaling	  pathw

ay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04975	  Fat	  digestion	  and	  absorption	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04810	  Regulation	  of	  actin	  cytoskeleton	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04972	  Pancreatic	  secretion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04670	  Leukocyte	  transendothelial	  m

igration	  	  	  	  	  	  	  	  	  
hsa04974	  Protein	  digestion	  and	  absorption	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa04612	  Antigen	  processing	  and	  presentation	  	  	  	  	  	  	  
hsa00980	  M

etabolism
	  of	  xenobiotics	  by	  cytochrom

e	  P450	  
hsa04650	  N

atural	  killer	  cell	  m
ediated	  cytotoxicity	  

hsa04514	  Cell	  adhesion	  m
olecules	  (CAM

s)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04110	  Cell	  cycle	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa03320	  PPAR	  signaling	  pathw
ay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa04620	  Toll-‐like	  receptor	  signaling	  pathw
ay	  	  	  	  	  	  

hsa04972	  Pancreatic	  secretion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04145	  Phagosom

e	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04062	  Chem

okine	  signaling	  pathw
ay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa03050	  Proteasom
e	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa04612	  Antigen	  processing	  and	  presentation	  	  	  	  	  	  	  	  	  	  
hsa04971	  Gastric	  acid	  secretion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa00010	  Glycolysis	  /	  Gluconeogenesis	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa04974	  Protein	  digestion	  and	  absorption	  	  	  	  	  	  	  	  	  	  	  	  	  
hsa00280	  Valine,	  leucine	  and	  isoleucine	  degradation	  	  	  

N
o	  relapse

Relapse

As	  group	  analysis	  sum
m
ary

N
ode	  

negative
N
ode	  

positive
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ACTB COL4A5 IGF1R LAMC1 PDGFD RHOA
ACTG1 COL4A6 ILK LAMC2 PDGFRA ROCK1
ACTN1 COL5A1 ITGA1 LAMC3 PDGFRB ROCK2
ACTN2 COL5A2 ITGA10 MAP2K1 PDPK1 SHC1
ACTN3 COL5A3 ITGA11 MAPK1 PGF SHC2
ACTN4 COL6A1 ITGA2 MAPK10 PIK3CA SHC3
AKT1 COL6A2 ITGA2B MAPK3 PIK3CB SHC4
AKT2 COL6A3 ITGA3 MAPK8 PIK3CD SOS1
AKT3 COL6A6 ITGA4 MAPK9 PIK3CG SOS2
ARHGAP5 COMP ITGA5 MET PIK3R1 SPP1
BAD CRK ITGA6 MYL10 PIK3R2 SRC
BCAR1 CRKL ITGA7 MYL12A PIK3R3 THBS1
BCL2 CTNNB1 ITGA8 MYL12B PIK3R5 THBS2
BIRC2 DIAPH1 ITGA9 MYL2 PIP5K1C THBS3
BIRC3 DOCK1 ITGAV MYL5 PPP1CA THBS4
BRAF EGF ITGB1 MYL7 PPP1CB TLN1
CAPN2 EGFR ITGB3 MYL9 PPP1CC TLN2
CAV1 ELK1 ITGB4 MYLK PPP1R12A TNC
CAV2 ERBB2 ITGB5 MYLK2 PRKCA TNN
CAV3 FIGF ITGB6 MYLK3 PRKCB TNR
CCND1 FLNA ITGB7 MYLPF PRKCG TNXB
CCND2 FLNB ITGB8 PAK1 PTEN VASP
CCND3 FLNC JUN PAK2 PTK2 VAV1
CDC42 FLT1 KDR PAK3 PXN VAV2
CHAD FLT4 LAMA1 PAK4 RAC1 VAV3
COL11A1 FN1 LAMA2 PAK6 RAC2 VCL
COL11A2 FYN LAMA3 PAK7 RAC3 VEGFA
COL1A1 GRB2 LAMA4 PARVA RAF1 VEGFB
COL1A2 GRLF1 LAMA5 PARVB RAP1A VEGFC

Table 4.8. Focal adhesion KEGG pathway gene list.

The cell cycle pathway was also significantly perturbed in a number of 
comparisons, being the most down regulated pathway in DGC compared to IGC, 
the most significantly and second most significantly up regulated pathway in the 
comparisons of IGC and DGC with normal gastric tissue respectively and the third 
most significantly down regulated pathway in tumours that relapsed compared 
to those that did not relapse.  Table 4.9 gives the cell cycle KEGG pathway gene 
list, Figure 4.1.B shows the heatmap for the cell cycle pathway for the IGC/DGC 
comparison and Figure 4.4.A the no relapse compared to relapse comparison.  
The KEGG graphs for the cell cycle pathway for DGC and IGC compared to normal 
gastric epithelium, and patients that did not relapse compared to those that did 
are given in Figures 4.5-4.7.  No genes from the cell cycle pathway were significant 
in the comparison of DGC and IGC at the individual gene level.  
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Figure 4.1.  Heatmaps comparing intestinal and diffuse gastric cancer.
A) Focal adhesion pathway and B) Cell cycle pathway.
Black - intestinal, yellow - diffuse.  Red - higher expression, green - lower 
expression.
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N
orm

al vs intestinal gastric cancer

Figure 4.3.  K
EGG graph - focal adhesion pathw

ay.  
Reference - norm

al, sam
ple - intestinal gastric cancer.  Green - low

er expression of genes in sam
ple, red - higher expression.
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ABL1 CDC14A CHEK1 MCM5 SMAD2
ANAPC1 CDC14B CHEK2 MCM6 SMAD3
ANAPC10 CDC16 CREBBP MCM7 SMAD4
ANAPC11 CDC2 CUL1 MDM2 SMC1A
ANAPC13 CDC20 DBF4 MYC SMC1B
ANAPC2 CDC23 E2F1 ORC1L SMC3
ANAPC4 CDC25A E2F2 ORC2L STAG1
ANAPC5 CDC25B E2F3 ORC3L STAG2
ANAPC7 CDC25C E2F4 ORC4L TFDP1
ATM CDC26 E2F5 ORC5L TFDP2
ATR CDC27 EP300 ORC6L TGFB1
BUB1 CDC45L ESPL1 PCNA TGFB2
BUB1B CDC6 FZR1 PKMYT1 TGFB3
BUB3 CDC7 GADD45A PLK1 TP53
CCNA1 CDK2 GADD45B PRKDC TTK
CCNA2 CDK4 GADD45G PTTG1 WEE1
CCNB1 CDK6 GSK3B PTTG2 WEE2
CCNB2 CDK7 HDAC1 RAD21 YWHA2
CCNB3 CDKN1A HDAC2 RB1 YWHAB
CCND1 CDKN1B MAD1L1 RBL1 YWHAE
CCND2 CDKN1C MAD2L1 RBL2 YWHAG
CCND3 CDKN2A MAD2L2 RBX1 YWHAH
CCNE1 CDKN2B MCM2 SFN YWHAQ
CCNE2 CDKN2C MCM3 SKP1 ZBTB17
CCNH CDKN2D MCM4 SKP2  

Table 4.9. Cell cycle KEGG pathway gene list.

Differences in expression of the cell cycle pathway and genes associated with 
proliferation have been noted previously in comparisons of GC tissues to normal 
gastric tissue, and Shah et al found up regulation of cell cycle genes in non-diffuse 
subsets of GC when investigating gene expression differences between 36 GCs 
and 10 adjacent normal tissues (Chen et al. 2003, Shah et al. 2011).

Down regulation of pathways associated with growth and proliferation such 
as the cell cycle and upregulation of pathways associated with the ECM in DGC 
when compared to IGC has been noted in previously published studies, and adds 
further to the evidence that there are fundamental differences in the molecular 
processes involved in the development of these cancers (Boussioutas et al. 2003, 
Forster et al. 2011).  These molecular differences match with the histological 
differences seen in IGC and DGC, where IGC is more proliferative and can generate 
exophytic lesions, whereas DGC is poorly cohesive with cells that can spread 
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Figure 4.4.  Heatmaps comparing patients who did and did not relapse.
 A) Cell cycle pathway and B) Antigen processing and presentation pathway
Black - no relapse, yellow - relapse.  Red - higher expression, green - lower 
expression.
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Figure 4.6.  K
EGG graph - cell cycle pathw

ay.  
Reference - norm

al, sam
ple - intestinal gastric cancer.  Green - low

er expression of genes in sam
ple, red - higher expression.

N
orm

al vs intestinal gastric cancer
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through tissue planes.  As with the focal adhesion pathway, those genes that were 
the most discriminating on heatmaps were selected to be taken forward to the 
survival analysis.

In the comparison of patients who did and did not relapse, five of the six 
significantly downregulated pathways in patients who relapsed were related to 
immune function and signalling, with the sixth being the cell cycle pathway (Table 
4.7).  The most significantly down regulated pathway was the antigen processing 
and presentation pathway, which was also significantly up regulated compared 
to normal gastric epithelium in IGC and DGC (Appendices E and F), and down 
regulated in DGC when compared to IGC (Table 4.6).  Figure 4.8 shows the KEGG 
graph for the comparison of patients without relapse to those who did relapse, 
and this reveals no component of the pathway has higher expression in relapsed 
patients, with decreased expression of a number of components of both the 
major histocompatibility complex (MHC) class I and MHC class II pathways.  The 
heatmap for this pathway and comparison is given in Figure 4.4.B and does not 
reveal individually discriminating genes.  The gene list for the antigen processing 
and presentation KEGG pathway is given in Table 4.10.  Although no one gene 
from this pathway was individually discriminating on the heatmap, the pathway 
was the most significantly down regulated in patients who relapsed, therefore 
all of the genes from this gene list associated with a down regulated node (those 
shaded green in the KEGG graph, Figure 4.8) in the pathway were selected for the 
survival analysis.

B2M HLA-DMB HSP90AA1 KIR2DL5A NFYC
CALR HLA-DOA HSP90AB1 KIR2DS1 PDIA3
CANX HLA-DOB HSPA1A KIR2DS3 PSME1
CD4 HLA-DPA1 HSPA1B KIR2DS4 PSME2
CD74 HLA-DPB1 HSPA1L KIR2DS5 PSME3
CD8A HLA-DQA1 HSPA2 KIR3DL1 RFX5
CD8B HLA-DQA2 HSPA4 KIR3DL2 RFXANK
CIITA HLA-DQB1 HSPA5 KIR3DL3 RFXAP
CREB1 HLA-DRA HSPA6 KLRC1 TAP1
CTSB HLA-DRB1 HSPA8 KLRC2 TAP2
CTSL1 HLA-DRB3 IFI30 KLRC3 TAPBP
CTSS HLA-DRB4 IFNG KLRC4 TNF
HLA-A HLA-DRB5 KIR2DL1 KLRD1
HLA-B HLA-E KIR2DL2 LGMN
HLA-C HLA-F KIR2DL3 NFYA
HLA-DMA HLA-G KIR2DL4 NFYB  

Table 4.10. Antigen processing and presentation KEGG pathway gene list.
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4.5  SURVIVAL ANALYSIS IDENTIFIES DIFFERENT GENES OF SIGNIFICANCE 
IN DIFFUSE AND INTESTINAL GASTRIC CANCER  
All of the genes found to be significant between IGC and DGC on gene expression 
analysis (Table 4.3), as well as genes selected from the focal adhesion, cell cycle 
and antigen processing and presentation pathways were taken forward to 
the survival analysis.  Candidates were examined for impact on PFS in all GC, 
DGC and IGC.  Generally median expression of the candidate gene was used to 
dichotomise expression for the purposes of the survival analysis, although, the 
gene expression density plot of each gene was examined to identify patterns of 
expression that differed significantly from a normal distribution (see MAGEA 
family in Section 4.6 below).  In addition, candidate genes identified by the TCGA 
as being associated with a specific subtype of GC were included, including genes 
from the mismatch repair (MMR) pathway.  Microsatellite instability (MSI) was 
identified as a subtype of GC in the TCGA cohort, and the MMR pathway was 
identified as down regulated in DGC compared to IGC, and in IGC compared to 
normal (Table 4.3 and Appendix F) (Cancer Genome Atlas Research Network 
2014).  Correction for multiple testing was included in the gene expression and 
pathway analyses, but was not performed as part of the survival analyses of 
candidate genes. 

Table 4.11. Non-significant genes on progression free survival analysis.
ARHGAP26 HLA-DMA KIR2DL3 PGM5
B2M HLA-DMB KIR2DL4 PIK3CA
BUB1 HLA-DOA KIR2DL5A PMS1
CD4 HLA-DOB KIR2DS1 POLD1
CD8A HLA-DPA1 KIR2DS3 POLD2
CD8B HLA-DPB1 KIR2DS4 POLD4
CDC7 HLA-DQA1 KIR2DS5 POLE
CDH1 HLA-DQB1 KIR3DL1 PSME3
CDKN2B HLA-DRA KIR3DL2 RFC2
CIITA HLA-DRB1 KIR3DL3 RFC3
COL11A1 HLA-DRB3 KLRC1 RFC4
COL4A5 HLA-DRB4 KLRC2 RFC5
CTSL HLA-DRB5 KLRC4 RHOA
CTSS HLA-E KLRD1 RPA1
CXCR4 HLA-F LIG1 RPA2
EPCAM HLA-G MLH1 RPA3
EXO1 HSPA2 MSH2 RPA4
GADD45B HSPA6 MSH6 SPP1
HLA-A IFI30 PCNA TAP1
HLA-B IFNG PDGFD TAP2
HLA-C KIR2DL1 PDGFRB TAPBP
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Genes in addition to those identified as differentially expressed between IGC and 
DGC, that were investigated and not significant on survival analysis are provided 
in Table 4.11.  Table 4.12 describes genes that were significant on survival 
analysis, with their log fold differential expression between DGC and IGC, and 
the statistics associated with both univariate and multivariate survival analyses.  
Where a gene is identified as being significant in all GC the multivariate analysis 
includes Lauren classification and AJCC stage, where a gene is significant only in 
DGC or IGC the multivariate analysis includes AJCC stage.  In all comparisons low 
expression (less than median except MAGEA family - see Section 4.6) is the group 
to which high expression is compared, therefore a hazard ratio (HR) >1 indicates 
poorer survival in patients with high expression, and a HR <1 indicates improved 
survival in patients with high expression.

Of the genes associated with survival a number of patterns were identified.  
The most obvious of these is the association of poorer survival in IGC with high 
expression of three MAGEA family members.  This is discussed below (Section 
4.6).

From the antigen processing and presentation pathway higher expression of 
PSME1 (proteasome activator subunit 1) and PSME2 (proteasome activator 
subunit 2) was associated with improved survival in IGC.  This is discussed 
further below (Section 4.7).

GREM1 (gremlin1), GREM2 (gremlin2) and BAMBI (bone morphogenic protein 
and activin membrane bound inhibitor) are all bone morphogenic protein (BMP) 
antagonists.  GREM1 and BAMBI were identified as being differentially expressed 
in DGC compared to IGC, GREM2 was included in the survival analysis because 
of its close homology to GREM1, and because its expression was lower in IGC 
compared to normal tissue (Table 4.3, Appendix D).  High expression of GREM1 
and BAMBI in IGC, and low expression of GREM2 in DGC was associated with 
poorer survival.  BMP signalling is a component of the TGF-β signalling pathway 
in the KEGG database, which was found to be perturbed in the pathway analysis 
comparisons of IGC versus DGC, and in the T stage comparison (Table 4.6).   Higher 
expression of TGFB2 (Transforming growth factor, β2), which was included in the 
analysis as a component of the cell cycle pathway, is also a component of the 
TGF-β signalling pathway, and in IGC was also associated with poorer survival.  
Chapter 5 explores the association of BMP antagonist expression and survival 
in GC further and describes the functional validation of BAMBI using in-vitro 
models.
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Table 4.12. Significant genes on progression free survival analysis.

All genes dichotom
ised around m

edian expression except M
AGEA fam

ily w
here expression is dichotom

ised around trough expression.  “Analysis identified in” colum
n 

describes w
hich analysis the gene w

as identified in.  Survival analysis colum
n identifies w

hether survival data is for all gastric cancer, diffuse gastric cancer or intestinal 
gastric cancer.  Gene expression values are log fold change w

ith intestinal gastric cancer as reference and diffuse gastric cancer as sam
ple.  M

ultivarite analyses for all 
gastric cancer includes AJCC stage and Lauren classification.  M

ultivariate analyses for diffuse and intestinal gastric cancer includes AJCC stage.
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From the MMR pathway four genes showed associations with survival – MLH3 
(MutL homolog 3), MSH3 (MutS homolog 3), RFC1 (replication factor C 1) and 
POLD3 (polymerase delta 3).  Loss of MSH3 expression was associated with poorer 
survival in both IGC and DGC, although this was not significant on multivariate 
analysis for DGC.  Loss of MLH3 expression in DGC and loss of RFC1 expression 
in IGC was associated with poorer survival.  Higher expression of POLD3 in DGC 
was associated with poorer survival.  Chapter 6 explores MMR deficiency in the 
MAUGIC cohort, its association with other clinical variables and survival in more 
depth.

4.6  MAGEA FAMILY GENES ARE EXPRESSED IN A SUBSET OF INTESTINAL 
GASTRIC CANCER AND ARE ASSOCIATED WITH POORER SURVIVAL
4.6.1  The MAGEA family
The MAGEA family of genes are a sub-family of cancer-testis antigens initially 
identified in melanoma, and subsequently found to be expressed in germ cells, a 
limited number of normal tissues, and on a number of different cancers including 
GC (De Plaen et al. 1994, Jung et al. 2005).  The MAGEA family includes 11 genes 
encoded on the X chromosome (Meek and Marcar 2012).  The coding sequence 
is highly conserved within the family, with only 12 of 314 (3.8%) amino acids 
varying in sequence between MAGEA3 and MAGEA6, this close homology has 
limited the ability to generate specific antibodies to particular family members 
(Meek and Marcar 2012).  

In normal tissues MAGEA family expression is repressed by methylation of 
promoter regions, in cancers hypomethylation of these promoters is thought to 
be one of the mechanisms by which these genes become expressed, and this has 
been demonstrated in GC (Honda et al. 2004).   Other postulated mechanisms of 
expression in cancers include histone acetylation, and regulation by microRNAs 
(miRNAs) (Wischnewski et al. 2006, Weeraratne et al. 2011). 

4.6.2  MAGEA family gene expression identifies a subset of intestinal gastric 
cancer with poorer survival
In the MAUGIC cohort MAGEA3, MAGEA6 and MAGEA12 were all identified as 
being differentially expressed between IGC and DGC, with MAGEA3 and MAGEA6 
having a 1.65 and MAGEA12 a 1.27 log fold lower expression in DGC (Table 4.3).  
Boxplots of the expression values of these genes revealed an interesting pattern 
of expression, where the majority of patients had low expression of these genes, 
with a subset of mainly IGC cases having much higher levels of expression (Figure 
4.9).  IGC expression density plots confirmed this, with two peaks of expression, 
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Figure 4.9.  MAGEA family expression boxplots by Lauren classification and 
expression density plots for intestinal gastric cancer, MAUGIC cohort.  
A) MAGEA3; B) MAGEA6; C) MAGEA12. 
Affymetrix gene expression values.  NIV - normalised intensity value
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the largest at low expression levels and a smaller group of tumours with higher 
expression represented by a second peak. 

On survival analysis, in all GC and DGC MAGEA family genes were not predictive 
of survival, but in IGC higher expression of all three genes was associated with 
poorer PFS, when expression was dichotomised around the expression density 
inflection point (8 for MAGEA3 and MAGEA6, 7.5 for MAGEA12) on univariate 
and multivariate analysis that included AJCC stage (multivariate analysis HR for 
MAGEA3 and MAGEA6 3.45, 95% CI 1.35-8.79, p = 0.09; HR for MAGEA12 3.38, 
95% CI 1.27-8.98, p = 0.015) (Table 4.13 and Figure 4.10).  

Gene n (%) Univariate analysis Multivariate analysis
Hazard 

ratio
95% CI p value Hazard 

ratio
95% CI p value

MAGEA3
Low
High

33 (67.3)
16 (32.7)

1
2.32

-
1.04-5.15 0.03

1
3.45

-
1.35-8.79 0.009

MAGEA6
Low
High

33 (67.3)
16 (32.7)

1
2.32

-
1.04-5.15 0.03

1
3.45

-
1.35-8.79 0.009

MAGEA12
Low
High

36 (73.5)
13 (26.5)

1
2.61

-
1.16-5.87 0.02

1
3.38

-
1.27-8.98 0.015

Multivariate analysis includes AJCC stage and Lauren classification for all GC, and for DGC and 
IGC includes AJCC stage

Table 4.13. Univariate and multivariate progression free survival analysis 
based on MAGEA family gene expression , MAUGIC cohort.

The results of the MAGEA3 and MAGEA6 survival analysis and Kaplan-Meier 
curves appeared to be identical.  Reviewing the tumours that fell into the low 
and high expression groups for both genes, tumours segregated identically.  
Reviewing the probe sets for the three differentially expressed MAGEA family 
members on the HG-U133+2.0 array, each was represented by one probe set, all of 
which had specificity of less than 1, with cross-reactivity to other MAGEA family 
genes, suggesting that cross-reactivity may be effecting these results (Chalifa-
Caspi et al. 2004).  This is consistent with the close homology of the family, and 
emphasises the difficulties in distinguishing between the family (Chalifa-Caspi et 
al. 2004, Meek and Marcar 2012).   

Examining the patients in the MAGEA3 and MAGEA6 high and low expression 
cohorts for IGC cases only, there were no significant clinicopathological features 
particular to high expression, in particular there were no differences in age or 
AJCC stage (Table 4.14).
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Figure 4.10.  Kaplan-Meier curves for progression free survival by MAGEA 
family expression in intestinal gastric cancer, MAUGIC cohort.  
A) MAGEA3 (high expression n = 16, low expression n = 33); B) MAGEA6 (high expression n = 16, 
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Table 4.14.  Clinical and pathological characteristics by MAGEA3/6 
expression in intestinal gastric cancer.
Variable Low expression 

n = 33 (%)
High expression 

n = 16 (%)
P value

Age (years)
- Median
- Range

69.0
48-85

68.5
33-74

1.00*

Gender
- Female
- Male

8 (24.2)
25 (75.8)

6 (37.5)
10 (62.5)

0.53

Tumour location
- GOJ/Cardia
- Body
- Antrum

9 (27.3)
19 (57.6)
5 (15.2)

4 (25.0)
6 (37.5)
6 (37.5)

0.20

Lymphovascular invasion
- Present
- Absent
- Not documented

18 (54.5)
9 (27.3)
6 (18.2)

12 (75.0)
3 (18.8)
1 (6.2)

0.34

Differentiation
- Well
- Moderate
- Poor

2 (6.1)
21 (63.6)
10 (30.3)

1 (6.2)
8 (50.0)
7 (43.8)

0.64

Inflammatory score
- 1
- 2
- 3
- Not documented

11 (33.3)
7 (21.2)
9 (27.3)
6 (18.2)

6 (37.5)
7 (43.8)
3 (18.8)
0 (0.0)

0.16

T stage
- T1
- T2
- T3

5 (15.2)
10 (30.3)
18 (54.5)

1 (6.2)
6 (37.5)
9 (56.2)

0.65

N stage
- N0
- N1
- N2
- N3

14 (42.4)
13 (39.4)
4 (12.1)
2 (6.1)

4 (25.0)
8 (50.0)
3 (18.8)
1 (6.2)

0.68

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

8 (24.2)
12 (36.4)
10 (30.3)

3 (9.1)

4 (25.0)
3 (18.8)
8 (50.0)
1 (6.2) 

0.51

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer

13 (40.6)
5 (15.6)

14 (43.8)

5 (31.2)
1 (6.2)

10 (62.5)

0.42

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis
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4.6.3  MAGEA family gene expression predicts poorer survival in intestinal gastric 
cancer the TCGA cohort
To validate the association of MAGEA family gene expression with IGC, expression 
of MAGEA family members was investigated in the published TCGA cohort (Cancer 
Genome Atlas Research Network 2014).  In addition, expression of MAGEA family 
genes was explored in the TCGA identified molecular subtypes of GC.  PFS was 
also examined, although at the time of this analysis there was limited follow up 
data available for the TCGA cohort (see Section 1.8.1).

Expression values were available for 89.8% (265/295) of all patients in the 
TCGA cohort, with 88.3% (173/196) of IGCs and 94.2% (65/69) of DGCs having 
RNAseq data available.  Expression of MAGEA3 and MAGEA6 was significantly 
higher in IGC when compared to DGC in the TCGA cohort, the difference in 
expression was not significant in MAGEA12, although expression of MAGEA12 
was lower overall (Figure 4.11).  As seen in the MAUGIC cohort, mixed GC also 
showed higher expression than DGC.  The expression boxplots and density 
curves showed a similar distribution to the MAUGIC cohort, with most tumours 
having low expression, and a few cases, mainly IGC, contributing to the higher 
expression subset.  Expression by TCGA molecular subtype is described in Figure 
4.12, and shows that higher expression of MAGEA3, MAGEA6 and MAGEA12 was 
seen mainly in the CIN subtype of GC, and to a lesser degree in the MSI subtype.

On univariate analysis of PFS, higher MAGEA3 (HR 2.74, 95% CI 1.06-7.13, p = 
0.03) and MAGEA12 (HR 3.22, 95% CI 1.22-8.46, p = 0.01) were associated with 
poorer survival, but MAGEA6 (HR 2.16, 95% CI 0.83-5.65, p = 0.11) expression 
was not (Table 4.15 and Figure 4.13).

Table 4.15.  Univariate progression free survival analysis for MAGEA family 
gene expression in intestinal gastric cancer, TCGA cohort.

Gene n (%) Univariate analysis
Hazard ratio 95% CI p value

MAGEA3
Low
High

127 (73.4)
46 (26.5)

1
2.75

-
1.06-7.13 0.03

MAGEA6
Low
High

131 (75.7)
42 (24.3)

1
2.16

-
0.83-5.65 0.11

MAGEA12
Low
High

136 (78.6)
37 (21.4)

1
3.22

-
1.22-8.46 0.01



131

Diffuse Intestinal Mixed

0
5

10
15

20
25

Kruskal−Wallis test p−value : 0.068
Lauren classification

M
AG

EA
12

 e
xp

re
ss

io
n 

(R
PK

M
)

Diffuse Intestinal Mixed

0
10

20
30

40
50

60

Kruskal−Wallis test p−value : 0.001
Lauren classification

M
AG

EA
6 

ex
pr

es
si

on
 (R

PK
M

)

Figure 4.11.  MAGEA family expression boxplots by Lauren classification 
and expression density plots for intestinal gastric cancer, TCGA cohort.  
A) MAGEA3; B) MAGEA6; C) MAGEA12. 
RNAseq expression values.  RPKM - reads per kilobase of transcript per million mapped reads
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Figure 4.12.  MAGEA family expression boxplots by molecular subtype, 
TCGA cohort . 
A) MAGEA3; B) MAGEA6; C) MAGEA12. 
RNAseq expression values.  RPKM - reads per kilobase of transcript per million mapped reads
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Figure 4.13.  Progression free survival by MAGEA family expression in 
intestinal gastric cancer, TCGA cohort.  
A) MAGEA3 (high expression n = 46, low expression n = 127); B) MAGEA6 (high expression n = 42, 
low expression n = 131); C) MAGEA12 (high expression n = 37, low expression n = 136). 
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4.6.4  Summary of MAGEA family results
In the MAUGIC cohort expression of MAGEA family genes is seen in IGC and to a 
lesser extent in mixed GC.  This finding is validated in the TCGA cohort, and the 
TCGA data suggests that higher expression of MAGEA family genes is feature of 
a subset of the CIN molecular subtype.  On multivariate analysis high expression 
of MAGEA3, MAGEA6 and MAGEA12 is associated with poorer PFS in the MAUGIC 
cohort, and although survival data is currently limited in the TCGA the univariate 
PFS results are also consistent with this. 

4.7  PROTEASOME ACTIVATOR SUBUNIT 1 AND 2 EXPRESSION IMPACTS 
SURVIVAL IN OPPOSITE DIRECTIONS IN INTESTINAL AND DIFFUSE GASTRIC 
CANCER
The impact of expression of PSME1 and PSME2 on survival in the MAUGIC cohort 
was investigated as part of the antigen processing and presentation pathway, 
the most down regulated pathway in patients who relapsed (Table 4.7).  PSME1 
encodes proteasome activator 28 alpha (PA28α), and PSME2 encodes proteasome 
activator 28 beta (PA28β), together they form the proteasome activator 28 (PA28) 
regulatory subunit.  Expression of two further genes from this pathway, KIR2DL2 
(killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, 
2) and KLRC3 (killer cell lectin-like receptor subfamily C, member 3) was also 
associated with survival in IGC, however the average expression of these genes 
was <4.5, which is close to background on the HG-U133+2.0 array, making these 
findings more likely to be subject to error, therefore the PA28 regulatory subunit 
was explored further.  The function of the immunoproteasome and the PA28 
regulatory subunit is discussed in the literature review (Section 1.10.2).

4.7.1  PSME1 and PSME2 expression has different impact on survival in diffuse 
and intestinal gastric cancer
Expression of both PSME1 and PSME2 was higher in tumours when compared to 
normal gastric tissue in the MAUGIC cohort (Figure 4.14 A and B).  When subdivided 
into Lauren classification subtype there was no difference in expression levels 
between DGC, IGC and mixed GC (Figure 4.14 C and D).  Both PSME1 and PSME2 
are represented by one probe set on the HG-U133+2.0 array, the probeset for 
PSME1 has a sensitivity and specificity of 1, the probe set for PSME2 also had a 
sensitivity of 1, but a specificity of 0.68, with five PSME2 pseudogenes showing 
some overlap in sequence (Chalifa-Caspi et al. 2004).

On univariate survival analysis, with expression levels dichotomised around the 
median, higher expression of PSME1 was associated with improved survival in 
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Figure 4.14.  PSME1 and PSME2 expression boxplots, MAUGIC cohort.  
A and B) Tumor compared to normal;  C and D) Lauren classification; 
A and C) PSME1 expression; B and D) PSME2 expression.
Affymetrix gene expression values.  NIV - normalised intensity value
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all GC and IGC but not DGC (Table 4.16, Figure 4.15).  In a multivariate model 
including AJCC stage and Lauren classification the HR for all GC with high PSME1 
expression was 0.50 (95% CI 0.29-0.87) and the HR for IGC with high PSME1 
expression in a multivariate model including AJCC stage was 0.26 (95% CI 0.10-
0.64).  In DGC neither univariate nor multivariate analysis was significant.  The 
findings suggest the observation of an improved PFS with PSME1 expression in 
all GC is partially due to the strong effect within the IGC subgroup.

n (%) Univariate analysis Multivariate analysis
Hazard 

ratio
95% CI p value Hazard 

ratio
95% CI p value

All GC
Low
High

52 (52.0)
48 (48.0)

1
0.54

-
0.33-0.90 0.02

1
0.50

-
0.29-0.87 0.013

DGC
Low
High

22 (55.0)
18 (45.0)

1
1.72

-
0.83-3.56 0.14

1
0.98

-
0.42-2.23 0.96

IGC
Low
High

23 (46.9)
26 (53.1)

1
0.23

-
0.10-0.54 <0.001

1
0.26

-
0.10-0.65 0.004

Multivariate analysis includes AJCC stage and Lauren classification for all GC, and for DGC and 
IGC includes AJCC stage

Table 4.16. Univariate and multivariate progression free survival analysis 
based on PSME1 expression, MAUGIC cohort.

Table 4.17.  Univariate and multivariate progression free survival analysis 
based on PSME2 expression, MAUGIC cohort.

n (%) Univariate analysis Multivariate analysis
Hazard 

ratio
95% CI p value Hazard 

ratio
95% CI p value

All GC
Low
High

52 (52.0)
48 (48.0)

1
0.69

-
0.42-1.13 0.14

1
0.72

-
0.43-1.24 0.25

DGC
Low
High

22 (55.0)
18 (45.0)

1
2.23

-
1.10-4.73 0.02

1
2.02

-
0.84-4.86 0.12

IGC
Low
High

23 (46.9)
26 (53.1)

1
0.30

-
0.13-0.68 0.002

1
0.38

-
0.15-0.92 0.03

Multivariate analysis includes AJCC stage and Lauren classification for all GC, and for DGC and 
IGC includes AJCC stage

Higher expression of PSME2 was associated with improved survival in IGC and 
poorer survival in DGC, and not associated with survival in all GC (Table 4.17, 
Figure 4.15).  In IGC significance was maintained on multivariate analysis (HR 
0.38, 95% CI 0.15-0.92, p = 0.03), in DGC significance was not maintained on 
multivariate analysis (HR 2.02, 95% CI 0.84-4.86, p = 0.12).
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Figure 4.15.  Progression free survival  by PSME1 and PSME2 expression, 
MAUGIC cohort.  
A and B) All GC;  C and D) DGC; E and F) IGC; A, C, E) PSME1; B, D, F) PSME2.
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4.7.2  PSME1 and PSME2 expression is associated with inflammatory score
Examining the patients in the low and high expression groups based on median 
gene expression for PSME1 and PSME2, 18 patients (18%) were discordant, 
falling in the low expression group for one gene and the high expression group 
for the other.  Examination of the clinicopathological variables of patients in 
the high and low expression cohorts for PSME1 and PSME2 (Tables 4.18 - 4.21) 
revealed that DGC patients with low PSME1 and PSME2 expression had lower 
inflammatory scores (IS), as did patients with IGC and low PSME2 expression. 
This simple IS (see Section 2.5.1) examines the number of inflammatory cells 
present in a tumour on haematoxylin and eosin (H&E) stain, and has previously 
been used in oesophageal and colorectal cancer (Klintrup et al 2005 and Dutta 
et al 2012),   Other variables that reached significance were tumour location for 
IGC patients and PSME1 expression, where patients with higher expression had 
more tumours in the body of the stomach than in the proximal or distal portions 
(69.2% high vs 30.4% low, p = 0.02), and for DGC patients and PSME2 expression, 
where patients with low expression had a lower proportion of tumours with 
lymphovascular invasion (LVI).  The DGC PSME2 low expression group contained 
6 patients (27.3%) with missing information, and after these were excluded this 
finding was no longer significant (72.2% LVI present high vs 56.2% (9/16) low, p 
= 0.54).  No differences were identified by age or AJCC stage in IGC or DGC based 
on PSME1 or PSME2 expression.

As there was a difference in inflammatory score between high and low levels of 
PSME1 and PSME2 expression in DGC, and PSME2 expression in IGC, whether 
the predominant type of inflammatory cell differed by expression level was 
also examined.  In the entire arrayed cohort, the majority of tumours (78%) 
had a predominantly lymphocytic infiltrate (Table 4.22).  The only significant 
difference seen was in DGC with high PSME1 expression, where there was a higher 
proportion of tumours with a predominantly neutrophilic infiltrate (22.2% high 
vs 0% low, p = 0.03, Table 4.23).  

In an attempt to explore whether a neutrophilic infiltrate was tumour growth 
promoting in DGCs, T stage and tumour diameter as measures of tumour size 
were examined in DGC cases with predominant lymphocytic infiltrate and 
compared to cases with predominant neutrophilic infiltrate.  Three of the four 
(75%) DGC tumours with a predominant neutrophilic infiltrate were T3, the 
other tumour (25%) was T2.  Of the DGC cases with a predominant lymphocytic 
infiltrate 29 of 35 (83%) were T3, 2 (6%) T1, 3 (9%) T2 and 1 (3%) T4.  This 
was not statistically different (Chi squared test p = 0.73).  The median diameter 
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Table 4.18. Clinical and pathological characteristics by PSME1 expression - 
diffuse gastric cancer.
Variable Low expression 

n = 22 (%)
High expression 

n = 18 (%)
P value

Age (years)
- Median
- Range

64.5
47-83

71.5
33-86

0.58*

Gender
- Female
- Male

9 (40.9)
13 (59.1)

8 (44.4)
10 (55.6)

1.00

Tumour location
- GOJ/Cardia
- Body
- Antrum

5 (22.7)
12 (54.5)
5 (22.7)

0 (0.0)
15 (83.3)
3 (16.7)

0.06

Lymphovascular invasion
- Present
- Absent
- Not documented

10 (45.5)
7 (31.8)
5 (22.7)

12 (66.7)
5 (27.8)
1 (5.6)

0.25

Differentiation
- Poor
- Undifferentiated

6 (27.3)
16 (72.7)

6 (33.3)
12 (66.7)

0.94

Inflammatory score
- 1
- 2
- 3

18 (81.8)
4 (18.2)
0 (0.0)

5 (27.8)
9 (50.0)
4 (22.2)

0.002

T stage
- T1
- T2
- T3
- T4

2 (9.1)
3 (13.6)

16 (72.7)
1 (4.5)

1 (5.6)
1 (5.6)

16 (88.9)
0 (0.0)

0.58

N stage
- N0
- N1
- N2
- N3

9 (40.9)
6 (27.3)
7 (31.8)
0 (0.0)

4 (22.2)
5 (27.8)
7 (38.9)
2 (11.1)

0.30

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

5 (22.7)
6 (27.3)

10 (44.5)
1 (4.5)

2 (11.1)
3 (16.7)

10 (55.6)
3 (16.7) 

0.40

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

4 (18.2)
3 (13.6)

14 (63.6)
1 (4.5)

2 (11.1)
3 (16.7)

12 (66.7)
1 (5.6)

0.94

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis
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Table 4.19. Clinical and pathological characteristics by PSME1 expression - 
intestinal gastric cancer.
Variable Low expression 

n = 23 (%)
High expression 

n = 26 (%)
P value

Age (years)
- Median
- Range

71.0
33-85

65.0
48-79

0.10*

Gender
- Female
- Male

6 (26.1)
17 (73.9)

8 (30.1)
18 (69.2)

0.96

Tumour location
- GOJ/Cardia
- Body
- Antrum

9 (39.1)
7 (30.4)
7 (30.4)

4 (15.4)
18 (69.2)
4 (15.4)

0.02

Lymphovascular invasion
- Present
- Absent
- Not documented

17 (73.9)
5 (21.7)
1 (4.3)

13 (50.0)
7 (26.9)
6 (23.1)

0.12

Differentiation
- Well
- Moderate
- Poor

0 (0.0)
11 (52.4)
10 (47.6)

1 (3.8)
13 (50.0)
12 (46.2)

0.66

Inflammatory score
- 1
- 2
- 3
- Not documented

10 (43.5)
9 (39.1)
3 (13.0)
1 (4.3)

8 (30.8)
5 (19.2)
9 (34.6)
4 (15.4)

0.11

T stage
- T1
- T2
- T3

3 (13.0)
7 (30.4)

13 (56.5)

3 (11.5)
9 (34.6)

14 (53.8)

0.95

N stage
- N0
- N1
- N2
- N3

7 (30.4)
9 (39.1)
5 (21.7)
2 (8.7)

11 (42.3)
12 (46.2)

2 (7.7)
1 (3.8)

0.43

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

4 (17.4)
8 (34.8)
8 (34.8)
3 (13.0)

8 (30.8)
7 (26.9)

10 (38.5)
1 (3.8) 

0.51

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

5 (21.7)
2 (8.7)

16 (69.6)
0 (0.0)

13 (50.0)
4 (15.4)
8 (30.8)
1 (3.8)

0.05

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis
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Table 4.20. Clinical and pathological characteristics by PSME2 expression - 
diffuse gastric cancer.
Variable Low expression 

n = 22 (%)
High expression 

n = 18 (%)
P value

Age (years)
- Median
- Range

63.5
47-83

74.0
33-86

0.44*

Gender
- Female
- Male

10 (45.5)
12 (54.5)

7 (38.9)
11 (61.1)

0.92

Tumour location
- GOJ/Cardia
- Body
- Antrum

2 (9.1)
15 (68.2)
5 (22.7)

3 (16.7)
12 (66.7)
3 (16.7)

0.73

Lymphovascular invasion
- Present
- Absent
- Not documented

9 (40.9)
7 (31.8)
6 (27.3)

13 (72.2)
5 (27.8)
0 (0.0)

0.03

Differentiation
- Poor
- Undifferentiated

6 (27.3)
16 (72.7)

6 (33.3)
12 (66.7)

0.94

Inflammatory score
- 1
- 2
- 3

17 (77.3)
5 (22.7)
0 (0.0)

6 (33.3)
8 (44.4)
4 (22.2)

0.008

T stage
- T1
- T2
- T3
- T4

2 (9.1)
3 (13.6)

16 (72.7)
1 (4.5)

1 (5.6)
1 (5.6)

16 (88.9)
0 (0.0)

0.58

N stage
- N0
- N1
- N2
- N3

10 (45.5)
4 (18.2)
8 (36.4)
0 (0.0)

3 (16.7)
7 (38.9)
6 (33.3)
2 (11.1)

0.09

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

5 (22.7)
7 (31.8)
8 (36.4)
2 (9.1)

2 (11.1)
2 (11.1)

12 (66.7)
2 (11.1) 

0.21

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

3 (13.6)
4 (18.2)

14 (63.6)
1 (4.5)

3 (16.7)
2 (11.1)

12 (66.7)
1 (5.6)

0.94

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis



142

Table 4.21. Clinical and pathological characteristics by PSME2 expression - 
intestinal gastric cancer.
Variable Low expression 

n = 23 (%)
High expression 

n = 26 (%)
P value

Age (years)
- Median
- Range

69.0
51-85

65.0
33-79

0.18*

Gender
- Female
- Male

6 (26.1)
17 (73.9)

8 (30.1)
18 (69.2)

0.96

Tumour location
- GOJ/Cardia
- Body
- Antrum

8 (34.8)
8 (34.8)
7 (30.4)

5 (19.2)
17 (65.1)
4 (15.4)

0.10

Lymphovascular invasion
- Present
- Absent
- Not documented

16 (69.6)
5 (21.7)
2 (8.7)

14 (53.8)
7 (26.9)
5 (19.2)

0.46

Differentiation
- Well
- Moderate
- Poor

0 (0.0)
12 (57.1)
9 (42.9)

1 (3.8)
12 (46.2)
13 (50.0)

0.55

Inflammatory score
- 1
- 2
- 3
- Not documented

12 (52.2)
8 (34.8)
2 (8.7)
1 (4.3)

6 (23.1)
6 (23.1)

10 (38.5)
4 (15.4)

0.03

T stage
- T1
- T2
- T3

2 (8.7)
7 (30.4)

14 (60.9)

4 (15.4)
9 (34.6)

13 (50.0)

0.68

N stage
- N0
- N1
- N2
- N3

8 (34.8)
7 (30.4)
5 (21.7)
3 (13.0)

10 (38.5)
14 (53.8)

2 (7.7)
0 (0.0)

0.08

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

4 (17.4)
7 (30.4)
8 (34.8)
4 (17.4)

8 (30.8)
8 (30.8)

10 (38.5)
0 (0.0) 

0.14

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

6 (26.1)
2 (8.7)

15 (65.2)
0 (0.0)

12 (46.2)
4 (15.4)
9 (34.6)
1 (3.8)

0.17

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis
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of neutrophilic predominant tumours was 77.5 mm (range 30-100), and of 
lymphocytic predominant tumours was 57.5 mm (range 10-200), again this 
was not statistically different (Wilcoxon rank sum test p = 0.40).  It is likely that 
tumour size is underestimated for the lymphocytic predominant DGCs, as 6 of 
35 (17%) did not have tumour size recorded, or recorded only as “significant 
portion of the stomach”   

Cell type n (%)
Lymphocytes 78 (78)
Neutrophils 12 (12)
Plasma cells 5 (5)
Not documented 5 (5)

Table 4.22. Predominant inflammatory cell type, arrayed cohort.

Low expression High expression p value
PSME1
DGC
- Lymphocytes
- Neutrophils
- Plasma cells

n = 22 (%)
22 (100)

0 (0.0)
0 (0.0)

n = 18 (%)
13 (72.2)
4 (22.2)
1 (5.6)

0.03

IGC
- Lymphocytes
- Neutrophils
- Plasma cells
- Not documented

n = 23 (%)
17 (73.9)

2 (8.7)
3 (13.0)
1 (4.3)

n = 26 (%)
18 (69.2)
4 (15.4)
0 (0.0)

4 (15.4)

0.15

PSME2
DGC
- Lymphocytes
- Neutrophils
- Plasma cells

n = 22 (%)
21 (95.5)

1 (4.5)
0 (0.0)

n = 18 (%)
14 (77.8)
3 (16.7)
1 (5.6)

0.22

IGC
- Lymphocytes
- Neutrophils
- Plasma cells
- Not documented

n = 23 (%)
18 (78.3)

2 (8.7)
2 (8.7)
1 (4.3)

n = 26 (%)
17 (65.4)
4 (15.4)
1 (3.8)

4 (15.4)

0.45

Table 4.23. Predominant inflammatory cell type by PSME1 and PSME2 
expression.

4.7.3  The immunoproteasome β subunits and survival 
To examine whether expression of components of the immunoproteasome, in 
addition to the PA28 regulator complex, impacted survival in DGC and IGC, PFS by 
expression of genes encoding the immunoproteasome subunits for β1i (PSMB9), 
β2i (PSMB10) and β5i (PSMB8), which like PSME1 and PSME2 are induced by 
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Gene n (%) Univariate analysis Multivariate analysis
Hazard 

ratio
95% CI p value Hazard 

ratio
95% CI p value

PSMB8
All GC
Low
High

55 (55.0)
45 (45.0

1
0.77

-
0.47-1.26 0.29

1
0.32

-
0.06-1.67 0.18

DGC
Low
High

19 (47.5)
21 (52.5)

1
1.42

-
0.69-2.94 0.34

1
0.98

-
0.43-2.23 0.96

IGC
Low
High

21 (44.9)
28 (57.1)

1
0.63

-
0.29-1.34 0.25

1
0.89

-
0.38-2.06 0.78

PSMB9
All GC
Low
High

51 (51.0)
49 (49.0)

1
0.66

-
0.41-1.09 0.10

1
0.75

-
0.44-1.28 0.29

DGC
Low
High

20 (50.0)
20 (50.0)

1
1.36

-
0.66-2.81 0.40

1
0.55

-
0.22-1.37 0.20

IGC
Low
High

24 (49.0)
25 (51.0)

1
0.41

-
0.18-0.93 0.03

1
0.50

-
0.21-1.18 0.11

PSMB10
All GC
Low
High

56 (56.0)
44 (44.0)

1
0.64

-
0.39-1.06 0.08

1
0.66

-
0.39-1.12 0.12

DGC
Low
High

23 (57.5)
17 (42.5)

1
1.56

-
0.75-3.21 0.23

1
1.05

-
0.47-2.33 0.90

IGC
Low
High

25 (51.0)
24 (49.0)

1
0.36

-
0.16-0.83 0.01

1
0.48

-
0.20-1.15 0.10

Multivariate analysis includes AJCC stage and Lauren classification for all GC, and for DGC and 
IGC includes AJCC stage

Table 4.24. PSMB8, PSMB9 and PSMB10 univariate and multivariate 
progression free survival analysis, MAUGIC cohort.

interferon gamma (IFNγ) was also examined (Table 4.24).  Higher PSMB9 and 
PSMB10 expression was associated with improved survival on univariate analysis 
in IGC, but statistical significance was not maintained after correction for stage on 
multivariate analysis.  No difference in survival was noted by PSMB8 expression.  
The patterns of the Kaplan-Meier curves were similar to that seen with PSME1 
and PSME2, where in IGC higher expression suggested better survival in IGC, but 
the reverse was true in DGC (Figure 4.16).
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Figure 4.16.  Progression free survival by PSMB8, PSMB9 and PSM10 
expression, MAUGIC cohort   
A and B) PSMB8;  C and D) PSMB9; E and F) PSMB10;  A, C, E) DGC; B, D, F) IGC.
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4.7.4  PSME1 and PSME2 expression in the TCGA cohort
In order to determine if this observation was maintained in an independent 
cohort, expression of PSME1 and PSME2 was examined in the TCGA cohort.  
Whether expression levels correlated with a particular molecular subtype, and 
within the limits of the survival data available from the TCGA, whether the survival 
differences observed in the MAUGIC cohort were replicated was evaluated.

Expression values were available for 89.8% (265/295) of all patients in the TCGA 
cohort, with 88.3% (173/196) of IGCs and 94.2% (65/69) of DGCs having RNAseq 
data available.  Using the patients for whom expression data was available in 
the TCGA cohort, no difference in PSME1 expression was seen between Lauren 
classification subtypes, but lower expression of PSME2 was seen in DGC compared 
to IGC and mixed GC (Figure 4.17).  Both PSME1 and PSME2 expression levels 
were higher in Epstein-Barr Virus (EBV) and MSI subtypes compared to CIN and 
GS subtypes (Figure 4.17). There were no differences in PFS for DGC or IGC when 
expression levels were separated on medians for PSME1 or PSME2 in the TCGA 
cohort (Table 4.25, Figure 4.18)

Gene n (%) Univariate analysis
Hazard ratio 95% CI p value

PSME1
DGC
Low
High

33 (50.8)
32 (49.2)

1
1.10-9

-
0.00-Inf 0.14

IGC
Low
High

87 (50.3)
86 (49.7)

1
0.79

-
0.29-2.12 0.63

PSME2
DGC
Low
High

32 (49.2)
33 (50.8)

1
3.83-9

-
0.00-Inf 0.25

IGC
Low
High

88 (50.9)
85 (49.1)

1
0.66

-
0.50-2.39 0.83

Table 4.25. Univariate progression free survival analysis for PSME1 and 
PSME2, TCGA cohort.
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Figure 4.17.  PSME1 and PSME2 expression boxplots, TCGA cohort.  
A and B) Expression by Lauren classification; C and D) Expression by molecular 
subtype; A and C) PSME1; B and D) PSME2. 
RNAseq expression values.  RPKM - reads per kilobase of transcript per million mapped reads
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Figure 4.18.  Progression free survival by PSME1 and PSME2 expression, 
TCGA cohort.  
A and B) All GC;  C and D) DGC; E and F) IGC;  A, C, E) PSME1; B, D, F) PSME2.
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4.6.4  Summary of PSME1 and PSME2 results
Patterns of PSME1 and PSME2 expression in the MAUGIC cohort did not vary 
based on Lauren classification, however the impact of expression of these genes 
on survival appears to be opposite in DGC and IGC.  Lower expression of both 
PSME1 and PSME2 was associated with poorer PFS in IGC.  This is consistent with 
the pathway analysis findings where down-regulation of the antigen processing 
and presentation pathway was seen in patients who relapsed.  Conversely in DGC 
higher expression of both of these genes was associated with poorer survival that 
did not reach statistical significance.  The survival analysis of the β subunits of the 
immunoproteasome, although not significant, provides some evidence of poorer 
survival with loss of expression of other components of the immunoproteasome 
in addition to the PA28 regulatory subunit in IGC.  The association of a higher 
inflammatory score with higher PSME1 and PSME2 expression in IGC and DGC 
suggests some impact on immune function with expression levels of these genes, 
and the association of a neutrophilic infiltrate in DGC but not IGC cases with high 
PSME1 expression suggests modulation of the immune system may be different 
in these two subtypes of GC.   

4.8  DISCUSSION
4.8.1  Diffuse and intestinal gastric cancer have different gene expression profiles
This analysis identifies that DGC and IGC have different gene expression patterns, 
and differences in important cancer signalling pathways.  Within IGCs and DGCs 
differences are also apparent, and prognostic subsets can be identified using 
expression levels of a number of genes.  This analysis adds to the evidence that GC 
has molecular inter-tumoural heterogeneity, and identifies a number of potential 
biomarkers for defining subsets of GC patients at risk of relapse.

One of the interesting observations from the pathway analysis is the frequency 
that pathways associated with cell adhesion process appear, for example the 
focal adhesion, ECM-receptor interaction, regulation of actin cytoskeleton, gap 
junction, cell adhesion molecules and tight junction KEGG pathways all showed 
differences between DGC and IGC, and some of these pathways were differentially 
expressed in the T stage comparison and N stage comparison (Table 4.6 and 
4.7).  Loss of cell adhesion and alterations in the actin cytoskeleton of the cell 
are important in the process of epithelial-to-mesenchymal transition (EMT), and 
other pathways known to be involved in EMT also appear in the list of significant 
pathways, including the TGF-β pathway (Xu et al. 2009, Massague 2012).   The 
significance of these pathways in the comparisons of GC stage suggests that 
alterations in cell adhesion are important in GC progression, and the significance 
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of these pathways in the DGC and IGC comparison suggest that these processes 
are potentially occurring differently in these different types of GC.  

When interpreting the results of the gene expression analysis, a number of 
variables need to be taken into consideration.   Firstly, this analysis is based 
on gene expression alone.  No analysis of protein expression of candidates has 
been undertaken to examine protein level activity.  Where possible however the 
results have been validated using an independent dataset, the TCGA cohort, with 
gene expression data generated on a different platform, RNA-seq.  Secondly, as 
small expression changes can be biologically relevant, using a log fold change of 
1.2 as a cut off in the gene expression analysis may exclude genes with small, but 
biologically significant differences.  The pathway analysis however utilised all gene 
expression data, without pre-filtering, allowing identification of any pathways 
with a number of small expression changes that cumulatively were significant 
between comparisons.  The major limiting factor of the pathway analysis is that 
it is based on KEGG pathways, and therefore limited by current knowledge and 
the genes included in those pathways, however these are accepted as robust 
representations of molecular pathways based on literature to date (Kanehisa and 
Goto 2000).  

The preparation of samples for generation of gene expression data also needs 
to be considered.  Whole tissue pieces were profiled, meaning the proportion 
of stroma and inflammatory infiltrate contributes to the expression signature of 
each tumour, not just the tumour epithelial cells.   Only specimens with at least 
60% tumour cell component (based on H&E) were profiled, of note no tumours 
were excluded from gene expression profiling because of insufficient percentage 
of tumour cells.  Copy number data from single nucleotide polymorphism (SNP) 
arrays is available for only 15 tumours in the cohort, meaning that tumour purity 
was unable to be estimated using from SNP data (Loo et al 2010, Carter et al 
2012, Yoshihara et al 2013).  DGCs are likely to have a greater stromal component, 
and MSI and EBV positive GC, the majority of which are IGC, are known to be 
associated with a higher lymphocytic infiltrate (Nakamura et al. 1994, Grogg et 
al. 2003, Akiba et al. 2008).  These histological differences potentially contribute 
to the gene expression and pathway differences identified between DGC and 
IGC.  By focusing on biological processes that were not only different between 
comparisons, but also prognostic for survival, it is hoped that the genes and 
pathways identified in this analysis are biologically relevant for GC progression, 
regardless of whether the difference identified is related to the proportion of 
tumour cells to stroma and inflammatory cells, as it is likely that all components 
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of the tumour contribute to growth and invasion of a cancer (Kalluri and Zeisberg 
2006, Hanahan and Weinberg 2011, Quail and Joyce 2013, Busuttil et al. 2014).  

Multiple tests have been performed in this analysis, increasing the chance of 
false positive results.  Both the gene expression and pathway analyses have been 
corrected statistically for multiple testing, however in the survival analysis this 
was not undertaken.  Unfortunately the limited survival data from the TCGA 
cohort has made validating any gene expression differences that were prognostic 
in the MAUGIC cohort difficult.  The consistent TCGA survival data for the MAGEA 
family genes is encouraging, but the findings of this analysis need to be validated 
in another cohort, with adequate clinical, molecular and survival data.

The number of genes identified in the gene expression and pathway analyses 
meant not all could be included in the survival analyses and therefore candidates 
for the survival analyses were limited to those genes with differential expression 
between IGC and DGC, those from the pathways most recurrently perturbed in the 
pathway analysis, and those from the pathway most significantly down-regulated 
in patients that relapsed compared to those that did not.  It is likely that there 
are genes identified in the gene expression analyses comparing normal gastric 
epithelium to GC, normal to DGC and IGC  and in the other pathways identified 
as differentially expressed that also impact survival and therefore the significant 
genes presented as part of this thesis are not an exhaustive list, but do add further 
evidence of the underlying inter-tumoural heterogeneity of GC.  

The small size of the arrayed cohort, being 100 tumours, leads to small numbers 
when dividing into subgroups.  With only 40 DGCs in the cohort one of the 
potential reasons why there are less genes significantly associated with survival 
in DGC is the limited power to identify them.  As noted in the pathway analysis, 
small numbers also mean that individual tumours can skew results of the analysis 
if a particular tumour has a strong signature.    The size of the cohort may also 
have contributed to the lack of significantly differentially expressed genes seen 
on the comparisons of T1/2 tumours compared to T3/4 tumours, node negative 
compared to node positive tumours and in the comparison of patients who 
did and did not relapse (Table 4.2).  Although this result could be considered 
counter intuitive, it could be confounded by DGC and IGC being combined for 
these analyses. The processes involved in invasion and metastasis are potentially 
different for DGC and IGC.  The comparisons of T stage, presence or absence 
of lymph node metastases and relapse versus no relapse were not performed 
separately by Lauren classification subtype.  Conceivably there could also be a 
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number of mechanisms by which a tumour becomes more invasive, and hence 
has a higher T stage, or develops the ability to metastasize to lymph nodes, some 
of which may not be reflected in gene expression data alone.  Equally there may 
be a number of mechanisms by which the pathways involved in these processes 
are perturbed, a potential explanation as to why differences were identified in 
the pathway analysis, but not the gene expression analysis.

There is evidence from previous studies that have utilised hierarchical clustering 
of gene expression data to examine the relationships between normal gastric 
tissues, GC and lymph nodes that there are greater differences between Lauren 
classification than there is between different GC stages.  This would be consistent 
with the greater numbers of genes identified as differentially expressed in normal 
versus tumour and Lauren classification analyses when compared to the stage 
analyses.  Unsupervised hierarchical clustering of a cohort of 65 GC tumours 
with matched normal tissue identified that non-malignant histologies (intestinal 
metaplasia and chronic gastritis) clustered separately to malignant histologies, 
and that DGC and IGC clustered separately (Boussioutas et al. 2003).  In another 
cohort of 90 GC tumours, 14 lymph node metastases and 22 non-neoplastic 
tissues, hierarchical clustering based on gene expression also identified that 
non-neoplastic and tumour tissues were most unrelated, and that 11 of the 14 
lymph node metastases profiled clustered with their primary tumour rather than 
together, suggesting there is not a distinct “metastasis” gene expression pattern 
over a group of GC tumours (Chen et al. 2003). 

The criteria used to dichotomise cases for these analyses have been reasonably 
broad, and each group in each analysis is likely to contain a heterogeneous mix 
of tumours.  For example IGC in this analysis is compared as one entire group to 
DGC.  The TCGA identified four subtypes of GC, three of which, EBV, MSI and CIN 
were mainly composed of IGC cases (Cancer Genome Atlas Research Network 
2014).   Grouping all IGCs together will mask this inter-tumour heterogeneity, 
and it is likely that some important genes and pathways are not identified 
because of dilution of their effect and significance.  Although the majority of DGC 
cases were in the GS subgroup in the TCGA, and a number of genes differentially 
expressed in GS tumours compared to other molecular subtypes in the TCGA were 
identified  in the MAUGIC cohort analysis of DGC compared to IGC, heterogeneous 
molecular signatures have been identified in DGC previously (Cancer Genome 
Atlas Research Network 2014, Wong et al. 2014, Chen et al. 2015).  Chen et al 
also identified different survival patterns based on mutational signatures, with 
CDH1 mutated GCs having shorter survival compared to GCs with mutations in 
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the Wnt pathway, independent of the Lauren classification of the tumours (Chen 
et al. 2015).   This highlights that analysing IGC or DGC as dichotomous subsets 
will mask some of the heterogeneity in GC.  The mixed histological subtype of GC 
has not been compared to either DGC or IGC as there were only 11 arrayed cases, 
these have been included in the other analyses on T stage, N stage and relapse 
however.

Non-biological variables that influence survival have not been accounted for in 
this analysis.  The adequacy of surgery, for example the number of lymph nodes 
resected and whether an R0 resection was obtained, has not been included, 
neither have patient co-morbidities, although using PFS as an endpoint, rather 
than OS, means that patients who have died from causes other than cancer are 
censored.  Receipt of adjuvant chemotherapy or radiotherapy has also not been 
accounted for, and from the analysis described in Section 3.4, there is evidence 
that the likelihood of relapse after adjuvant chemotherapy is higher in DGC 
than in IGC, suggesting that adjuvant therapy could influence relapse patterns 
differently for DGC and IGC.  A larger cohort would be needed to account for 
these differences.

4.8.2  MAGEA family gene expression is prognostic in intestinal gastric cancer
The identification of a subset of IGC with MAGEA expression, and the association 
of poorer survival in this subset of IGC potentially identifies a prognostic marker 
for IGC.  The pattern of expression of the MAGEA family genes seen in IGC, with 
two peaks of expression (Figure 4.9) would be consistent with the proposed 
on/off mechanism of expression regulation by promoter hypomethylation or 
histone acetylation that has been described, with the majority of patients having 
expression levels near background (5 or less) and a small subset of tumours 
with high expression levels (Honda et al. 2004, Wischnewski et al. 2006).   The 
identification of MAGEA expression in IGC only is consistent with a previous study 
that investigated MAGEA family protein expression in 1,097 GC cases using an 
antibody that detects MAGEA-1, 2, 3, 4, 6, 10 and 12, where expression of MAGEA 
was associated with IGC, and poorer OS, although this lost significance when stage 
was included in multivariate modelling (Jung et al. 2005).  Lauren classification 
was not included in the multivariate model, despite the association of MAGEA 
expression with IGC, and this likely contributes to the lack of significance on 
multivariate modelling in this study.   Interactions and survival by DGC and IGC 
were not reported.
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The understanding of the function of MAGEA family members in normal tissue, 
and how expression leads to carcinogenesis is limited, and investigation of their 
function is hampered by the close homology of the family.  Despite this lack of 
knowledge, because of the limited expression of MAGEA family proteins in 
normal tissue they have been explored as potential targets for cancer therapy 
in MAGEA expressing cancers using vaccines and engineered cytotoxic T 
lymphocytes (CTLs), alone and in combination with other therapies (described in 
supplementary table 2 of Meek and Marcar 2012) (Kirkwood et al. 2011, Therasse 
et al. 2011, Meek and Marcar 2012).   Although there have been promising results 
with cancer regression in trials of patients with metastatic disease, there have 
also been some significant toxicities, including neurotoxicity leading to death 
due to unrecognised MAGEA expression in the brain. (Atanackovic et al. 2004, 
Atanackovic et al. 2008, Meek and Marcar 2012, Morgan et al. 2013).  In the 
adjuvant setting a phase III trial of MAGEA vaccines involving more than 2,000 
patients with non-small cell lung cancer (NSCLC) has had preliminary results 
presented in abstract form and disappointingly has shown no improvement in 
disease free survival (DFS) (Therasse et al. 2011, Vansteenkiste et al. 2014).  One 
explanation for this finding could be that although MAGEA family proteins may 
be expressed in some cancers, they may not be critical for growth and survival, 
and therefore targeting them will not impact on tumour growth.  Another could 
be related to tumour heterogeneity, potentially with only some subclones of a 
tumour population being affected by the vaccine.  More detailed results, and 
biological analyses of these trials may give more insights to the reasons behind 
the failure of MAGEA vaccines in the adjuvant setting in NSCLC.  The identification 
of a subset of IGC with MAGEA gene expression that has poorer survival suggests 
that this may be a valid avenue of treatment to explore for some GC patients in 
the future.

4.8.3  Expression of the PA28 immunoproteasome regulatory subunit impacts 
survival in gastric cancer
PSME1 and PSME2 expression was higher in tumour compared to normal tissue 
in the MAUGIC cohort.  This is consistent with the findings of Ebert et al, where 
higher expression of PA28β was found in 10 GC tissues when compared to matched 
normal, but not of Huang et al where lower expression of PA28β was initially 
found in 10 GC tissues when compared to matched normal, then subsequently 
confirmed in a larger cohort of 287 patients (Ebert et al. 2005, Huang et al. 2008, 
Huang et al. 2010).  All three of these studies examined the protein expression of 
PA28β.  Huang et al in 2010 found that decreased expression of PA28β correlated 
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with DGC (88/116, 75.9% vs IGC 84/152, 55.3%, p <0.001), and advanced TNM 
stage (Huang et al. 2010).  No data on survival was given for this cohort. 

One of the postulated mechanisms of immune evasion by tumours is down 
regulation of antigen presentation (Drake et al. 2006).  Loss of expression of 
PSME1 and PSME2, and therefore loss of the PA28 regulatory subunit is potentially 
a mechanism by which cancers could escape immune surveillance through 
down-regulation of MHC class I antigen presentation.  The immune system has 
mechanisms of eliminating cells that lack MHC class I expression, including 
recognition and destruction by NK cells (Karre 2008).  If loss of expression of 
PA28 subunits in IGC is associated with poorer survival by escape of immune 
surveillance, this protective mechanism would also have to be bypassed.  There is 
some evidence that this may have been achieved in patients who have relapsed, 
by down-regulation of NK cell receptors (Figure 4.8), and down regulation of 
the natural killer cell mediated cytotoxicity pathway (Table 4.7).  Also consistent 
with this theory is the association of lower expression of two NK cell receptors 
with poorer survival in IGC (Table 4.12).

Although not significant on multivariate analysis, the opposite pattern of poorer 
PFS with increased PSME1 and PSME2 expression was observed in DGC (Tables 
4.16 and 4.17, Figure 4.15).  This may be related to the type of inflammatory cells 
that are recruited to the tumour environment, and the balance of activating and 
inhibitory signals (Hanahan and Coussens 2012).  Intratumoural neutrophilic 
infiltrates have been associated with poorer survival in some malignancies, 
including hepatocellular carcinoma, oesophageal carcinoma and renal cell 
carcinoma, but not in others including GC and early stage lung cancer (Caruso et 
al. 2002, Jensen et al. 2009, Li et al. 2011, Trellakis et al. 2011, Jensen et al. 2012, 
Eruslanov et al. 2014, Wang et al. 2014a).  The differing effects on prognosis likely 
reflect the complexity of the interactions between tumour cells, the immune 
system and associated stroma, where different environmental signals can cause 
immune cells to have differing effects on tumour progression (Mantovani et al. 
2011).  The finding of a neutrophil predominant immune infiltrate in patients 
with DGC and high PSME1 expression, associated with a trend towards poorer 
survival suggests that in this subset of DGC, the neutrophilic infiltrate may be 
tumour growth promoting.  In the MAUGIC cohort, there was no difference in 
tumour diameter or T stage of DGC tumours with a predominantly neutrophilic 
infiltrate to support this, however numbers are small (n = 4 DGC with neutrophilic 
predominant infiltrate).  This finding is in contrast to described by Caruso et al, 
who found a more extensive neutrophilic infiltrate was associated with improved 
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survival in a cohort of 273 Italian GC patients on univariate analysis, however 
this was not significant on multivariate analysis that included stage and tumour 
location (Caruso et al. 2002).  The small numbers of patients with neutrophil 
predominant infiltrate in the MAUGIC cohort limits sensitivity and the conclusions 
that can be drawn from this observation.

Modulation of the immune system and immune function may not be the mechanism 
by which PA28 impacts survival, as from the literature there is some evidence 
that the effects of PA28 may be unrelated to the immune system.  The studies 
of Huang et al and Zheng et al using cell lines to explore the functional impacts 
of over-expression or knockdown of PA28β showed alterations in proliferation 
and invasion with alteration in PA28β expression (Huang et al. 2010, Zheng et 
al. 2012).   Over expression of PA28β inhibited cell growth, proliferation and 
invasion, and inhibited growth of tumours in nude mice, whereas knockdown 
increased invasion in vitro (Huang et al. 2010, Zheng et al. 2012).  These cell 
culture model systems use one cell line only, and are isolated from immune 
modulation.  These results suggest that loss of expression of PA28β may increase 
the invasive and proliferative potential of tumours, and have function beyond 
antigen presentation.  Whether the same is true for loss of PA28α, or the PA28 
complex is unknown at this stage.  The finding of higher inflammatory scores 
with higher PSME1 and PSME2 expression however suggests some association 
with inflammation and expression of the PA28 subunits.  The association of loss 
of PSMB9 and PSMB10 expression with poorer survival on univariate analysis, 
although not significant on multivariate analysis suggests that down regulation 
of other components of the immunoproteasome may also influence survival.
  
The difference in survival seen in IGC by PSME1 and PSME2 expression in the 
MAUGIC cohort was not reproduced in the TCGA cohort, however the survival data 
available for the TCGA cohort is not yet mature.  The impact of PSME1 and PSME2 
expression requires validation in another cohort with more mature survival data.  
There was no difference in expression of PSME1 and PSME2 between DGC and 
IGC, however in the TCGA cohort, higher expression of both was associated with 
the EBV and MSI GC subtypes, suggesting that expression of these genes could be 
predictive markers of these subtypes of GC, again this would require validation in 
another cohort  (Figure 4.17).  Both EBV and MSI related GC have been shown to 
have a high lymphocytic infiltrate (Nakamura et al. 1994, Leung et al. 1999, Grogg 
et al. 2003).  One possible mechanism of the up-regulation of genes involved in 
the process of antigen presentation, including PSME1 and PSME2, could be the 
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higher mutation load seen in these GC subtypes potentially generating more neo-
antigens for presentation through MHC class I to T cells.  

Down regulation of a number of components of the antigen processing and 
presentation pathway, and other pathways associated with immune signalling in 
patients who relapse from GC adds further to the growing body of evidence that 
the immune system is critical in cancer progression and response to treatment.  
Understanding the differences in inflammatory infiltrates, and mediators of 
the immune system within patients and their tumours will hopefully identify 
potential avenues for treatment for individual patients with GC. 

The poor survival seen in GC, particularly in Western countries, is a stark indicator 
that the current method of treating GC with a one size fits all approach is not 
satisfactory.  The molecular subtypes of GC that have been identified to date show 
little clinical utility, but it is hoped that further progress in this area will identify 
molecular subtypes with prognostic and therapeutically predictive efficacy 
to improve survival for patients with GC.  The analysis described in Chapter 3 
shows that Lauren classification alone has prognostic value, and this exploratory 
gene expression analysis provides further evidence that IGC and DGC are distinct 
cancers, each with molecularly diverse subgroups that interact with the immune 
system in different manners.  These molecular differences are likely to contribute 
to the differences in survival and response to adjuvant chemotherapy identified 
in Chapter 3.  Two further subgroups of GC identified by this analysis have been 
chosen to take forward for further analysis and functional validation, BAMBI 
expression in IGC and the MMR pathway, and form the content of the subsequent 
two chapters.
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CHAPTER 5

BMP antagonists are prognostic in gastric cancer

5.1  INTRODUCTION
The analysis described in Chapter 4 identified three bone morphogenic protein 
(BMP) antagonists, gremlin 1 (GREM1), gremlin 2 (GREM2) and BMP and activin 
membrane bound inhibitor (BAMBI) that showed prognostic significance in gastric 
cancer (GC) (Table 4.12).  BMP signalling is a component of the transforming 
growth factor β (TGF-β) signalling pathway, which showed differential expression 
in the pathway analyses comparing DGC with IGC, as well as in the comparison 
of T stage (Table 4.6).  The TGF-β signalling pathway has complex and opposing 
roles in malignancy, with dysregulation of signalling being associated with 
both suppression and progression of malignancy in different contexts (Cui et 
al. 1996, Akhurst and Derynck 2001, Inman 2011, Principe et al. 2014).  The 
balance of signalling through different branches of the TGF-β pathway has also 
been implicated in the balance between epithelial-to-mesenchymal transition 
(EMT) and mesenchymal-to-epithelial transition (MET).  Signalling through the 
BMP branch of the pathway is thought to stimulate MET, and through SMAD2/3, 
activated by TGF-β binding to TGF-β receptors 1 and 2, to favour EMT (Figure 
1.16) (Ikushima and Miyazono 2010, Massague 2012). 

Because of the known role of BMP and TGF-β signalling in carcinogenesis, and 
the identification of three BMP antagonists as being associated with survival in 
IGC or DGC these three candidate genes were chosen for further investigation.  
This chapter describes the findings of the survival analysis for these genes, and 
then an exploration of how expression of BAMBI may functionally lead to poorer 
survival in IGC.

5.1.1 BAMBI, GREM1 and GREM2 – a brief introduction
BAMBI, as its name suggests, inhibits BMP and activin signalling (Onichtchouk 
et al. 1999).  In addition it also inhibits TGF-β signalling, and positively regulates 
signalling through the canonical Wnt pathway (Onichtchouk et al. 1999, Lin et al. 
2008).  Expression of BAMBI can be induced by a number of ligands, including 
TGF-β, BMP4 and β-catenin showing it not only regulates both Wnt and TGF-β 
signalling, but is in turn regulated by both, forming part of the cross talk network 
between the two pathways (Onichtchouk et al. 1999, Sekiya et al. 2004a, Sekiya 
et al. 2004b).  BAMBI encodes a 260 amino acid transmembrane protein closely 
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related to the type I receptors of the TGF-β family, but lacks the intracellular 
kinase domain (Onichtchouk et al. 1999).  In Xenopus BAMBI has been identified 
as functioning as a pseudoreceptor, blocking the interaction of type I and type 
II TGF-β family receptors, and thereby inhibiting signalling (Onichtchouk et al. 
1999).  Based on published data, BAMBI is noted to have context specific effects 
in malignancy.  BAMBI was initially identified in melanoma cell lines with its 
expression showing inverse correlation with metastatic potential; cell lines 
without metastatic potential had highest expression, and expression was absent 
in highly metastatic cell lines   (Degen et al. 1996).  In a subset of high-grade 
bladder cancer, hypermethylation of BAMBI was observed, and the resulting loss 
of expression was correlated with more invasive tumours (Khin et al. 2009).  
The same group noted that in bladder cancer cell lines with hypermethylation 
of BAMBI, re-expression of BAMBI caused a decrease in cell motility (Khin et al. 
2009).  This provides evidence that BAMBI potentially has a tumour suppressive 
role in some malignancies.  However, BAMBI has been identified as being over-
expressed in colorectal (CRC), ovarian and hepatocellular carcinomas, and higher 
expression in CRC has been associated with tumour recurrence and cancer related 
death, suggesting that BAMBI may also have a tumour promoting role (Sekiya et 
al. 2004a, Togo et al. 2008, Fritzmann et al. 2009, Pils et al. 2010). 

GREM1 belongs to the cerberus and dan (CAN) subfamily of BMP antagonists.  It 
encodes a 184 amino acid secreted protein that has a role in body patterning in 
embryonic growth and development, and has been identified as over-expressed 
in a number of human cancers including cervical, ovarian, colon, and pancreatic 
cancer, and basal cell carcinomas (Hsu et al. 1998, Namkoong et al. 2006, 
Sneddon et al. 2006).  GREM1 has also been identified as an agonist of vascular 
endothelial growth factor receptor-2 (VEGFR2) suggesting a potential role in 
angiogenesis and BMP independent function (Mitola et al. 2010).  Like BAMBI, 
GREM1 potentially has context specific effects in cancer, with high expression 
being associated with both improved and poorer survival in different cancer 
types.  Promoter hypermethylation has been identified in clear cell renal cell 
carcinoma (RCC), and was associated with increased tumour size and poorer 
overall survival (OS) (van Vlodrop et al. 2010). Of note, mRNA expression of 
GREM1 did not correlate with promoter CpG island methylation in this study, and 
survival based on expression was not reported, so it is unknown whether GREM1 
expression levels are associated with survival in clear cell RCC.   In pancreatic 
neuroendocrine tumours (NETs) high GREM1 protein expression was associated 
with improved survival, and was noted to be associated with a higher microvessel 
density, suggesting a potential role in tumour neovascularisation, consistent with 
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the identification of GREM1 as an agonist of VEGFR2 (Mitola et al. 2010, Chen 
et al. 2013a).  Over-expression of GREM1 due to a duplication upstream of its 
promoter has been identified as a cause of hereditary mixed polyposis syndrome 
(HMPS), where patients develop colorectal tumours of mixed morphology (Jaeger 
et al. 2012).  No extracolonic features have been described in patients with HMPS 
to date.  Elevated expression of GREM1 has also been suggested as one of the 
pathogenic mechanisms behind some sporadic intestinal tumours, with evidence 
of GREM1 and Wnt signalling acting in a synergistic fashion in the initiation of 
these tumours (Davis et al. 2015).  Using the Cancer Genome Atlas (TCGA) CRC 
cohort, it has also been shown that high GREM1 expression is associated with 
poorer survival in patients with stage II CRC (Davis et al. 2015).  

GREM2 encodes another member of the CAN subfamily of BMP antagonists, which 
is 168 amino acids in length (Avsian-Kretchmer and Hsueh 2004).  GREM1 and 
GREM2 show close sequence homology, sharing 62% of the amino acid sequence 
of their respective mature proteins (Avsian-Kretchmer and Hsueh 2004, Sudo et 
al. 2004).  Despite this similarity, they appear to have some differences in affinity 
for BMPs, with GREM1 showing inhibitory effects to SMAD signalling induced 
by BMP2, BMP4 and BMP7, in addition GREM2 also appears to inhibit signalling 
induced by BMP6 (Sudo et al. 2004).  GREM2 expression has also been implicated 
in cancer progression.  Using oligonucleotide arrays, Edfeldt et al identified loss 
of GREM2 expression in lymph node metastases of midgut NETs when compared 
to primary tumours (Edfeldt et al. 2011).  

In this chapter initially the findings of the gene expression analysis and survival 
analysis identifying the significance of BAMBI, GREM1 and GREM2 will be described 
in more detail.  Subsequently analyses exploring the potential mechanism of 
increased BAMBI expression and experiments exploring the function of BAMBI 
are presented.

5.2  BAMBI AND GREM1 ARE PROGNOSTIC IN INTESTINAL GASTRIC CANCER 
AND GREM2 IS PROGNOSTIC IN DIFFUSE GASTRIC CANCER
5.2.1 BMP antagonists show differential expression between normal gastric 
epithelium, diffuse gastric cancer and intestinal gastric cancer
In the gene expression analysis described in Chapter 4, three genes that have 
recognised function as BMP antagonists were identified as being differentially 
expressed between DGC and IGC.  BAMBI had 1.3 fold higher expression in IGC 
compared to DGC, and chordin-like 1 (CHRDL1, 2.00 fold) and GREM1 (1.27 fold) 
had higher expression in DGC compared to IGC (Table 4.3).  A number of genes 
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with BMP antagonist function, including two identified above, were also found to 
be differentially expressed between normal gastric epithelium and IGC or DGC 
(Appendices C and D).  Relative to normal stomach epithelium DGC had three 
BMP antagonists with higher expression: GREM1 (2.29 fold); chordin-like 2 
(CHRDL2, 1.73 fold); and growth differentiation factor 15 (GDF15, 1.45 fold).  In 
IGC one BMP antagonist, BAMBI (1.29 log fold) had higher expression compared 
to normal gastric tissue, and one, GREM2 (1.51 log fold) had lower expression.  
This suggests there is an important role for BMP antagonism in the process of GC 
carcinogenesis, and shows this pathway is differentially perturbed between DGC 
and IGC.  Consistent with this, the TGF-β pathway, of which BMP signalling forms 
a branch (Figure 1.14), was significant in the pathway analysis comparisons of 
DGC with IGC, being significantly perturbed in both directions (Table 4.6).  The 
TGF-β pathway was also significant in the T stage analysis.

5.2.2 BAMBI and GREM1 expression impact survival in intestinal gastric cancer, 
and GREM2 expression is prognostic in diffuse gastric cancer
The observation of differential expression of a number of BMP antagonists 
between DGC and IGC led to the hypothesis that these genes may be responsible 
for the difference in survival noted in these histological subtypes (Section 3.2.3), 
Of the identified BMP antagonist genes, three significantly impacted survival of 
patients with GC, BAMBI and GREM1 were identified as prognostic in IGC, and 
GREM2 as prognostic in DGC (Table 4.12).  

The expression boxplots by Lauren classification for these three genes are given 
in Figure 5.1.  As demonstrated in the gene expression analysis, BAMBI has 
higher expression in IGC compared to DGC, mixed GC or normal gastric tissue.  
GREM1 has higher expression in all malignant Lauren classification histologies, 
compared to normal gastric tissue, with highest expression being seen in DGC.  
GREM2 shows low expression in general, with lowest expression seen in IGC 
compared to normal tissue, mixed GC and DGC.

Progression free survival (PFS) analysis results for BAMBI, GREM1 and GREM2 
are given in Tables 5.1-5.3, and Kaplan-Meier curves in Figure 5.2.  High and low 
expression subgroups for IGC and DGC were defined by the median expression of 
each gene.  Multivariate analyses for all GC included American Joint Committee on 
Cancer (AJCC) stage (subdivided into stage I, II, III and IV) and Lauren classification, 
and for DGC and IGC included AJCC stage.  Cases with higher expression than the 
median for BAMBI had poorer PFS in IGC (multivariate analysis hazard ratio (HR) 
3.51, 95% confidence interval (CI) 1.41-8.72, p = 0.007), with no impact on PFS 
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Figure 5.1. Expression boxplots by Lauren classification, MAUGIC cohort.
A) BAMBI; B) GREM1; C) GREM2.
Affymetrix gene expression values.  NIV - normalised intensity value
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Table 5.1. Progression free survival based on BAMBI gene expression, 
MAUGIC cohort.

n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

51 (51.0)
49 (49.0)

1
1.14

-
0.70-1.85 0.60

1
1.59

-
0.91-2.77 0.10

DGC
Low
High

22 (55.0)
18 (45.0)

1
1.47

-
0.72-3.03 0.29

1
1.13

-
0.51-2.54 0.76

IGC
Low
High

26 (53.1)
23 (46.9)

1
2.85

-
1.23-6.62 0.01

1
3.51

-
1.41-8.72 0.007

Multivariate analysis includes AJCC stage (stages I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage

Table 5.2. Progression free survival based on GREM1 gene expression, 
MAUGIC cohort.

n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

49 (49.0)
51 (51.0)

1
1.61

-
0.99-2.61 0.05

1
1.68

-
1.01-2.79 0.04

DGC
Low
High

20 (50.0)
20 (50.0)

1
1.04

-
0.50-2.13 0.92

1
1.37

-
0.62-3.01 0.43

IGC
Low
High

26 (53.1)
23 (46.9)

1
2.40

-
1.08-5.31 0.03

1
2.29

-
1.02-5.12 0.04

Multivariate analysis includes AJCC stage (stages I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage

Table 5.3. Progression free survival based on GREM2 gene expression, 
MAUGIC cohort.

n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

51 (51.0)
49 (50.0)

1
1.22

-
0.75-1.97 0.43

1
0.98

-
0.57-1.70 0.95

DGC
Low
High

17 (42.5)
23 (57.5)

1
0.48

-
0.23-1.00 0.05

1
0.43

-
0.20-0.92 0.03

IGC
Low
High

26 (53.1)
23 (46.9)

1
0.80

-
0.36-1.75 0.59

1
0.55

-
0.23-1.32 0.18

Multivariate analysis includes AJCC stage (stages I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage
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Figure 5.2.  Progression free survival in diffuse and intestinal gastric cancer 
by BAMBI, GREM1 and GREM2 expression, MAUGIC cohort.
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in DGC (multivariate analysis HR 1.13, 95% CI 0.51-2.54, p = 0.76) (Table 5.1, 
Figure 5.2 A and B).  Higher expression of GREM1 was associated with poorer 
survival in all GC (multivariate analysis HR 1.68, 95% CI 1.01-2.79, p = 0.04) and 
IGC (multivariate analyses HR 2.29, 95% CI 1.02-5.12, p = 0.04), with no impact 
on survival in DGC (multivariate analysis HR 1.37, 95% CI 0.62-3.01, p = 0.43) 
(Table 5.2, Figure 5.2 C and D).  Higher expression of GREM2 was associated with 
improved in survival in DGC (multivariate analysis HR 0.43, 95% CI 0.20-0.92, p 
= 0.03), with no impact on survival in IGC (multivariate analysis HR 0.55, 95% CI 
0.23-1.32, p = 0.18).

5.2.3  Expression patterns of BAMBI, GREM1 and GREM2 validate in the TCGA 
cohort
To validate the expression patterns seen for BAMBI, GREM1 and GREM2 by 
Lauren classification in the MAUGIC cohort, their expression was examined in 
the TCGA GC cohort (Gao et al. 2013, Cancer Genome Atlas Research Network 
2014).  Expression by TCGA molecular subtype was also examined, as was 
survival, acknowledging the survival data for the TCGA cohort was not mature at 
the time of this analysis.

Expression values were available for 89.8% (265/295) of all patients in the 
TCGA cohort, with 88.3% (173/196) of IGCs and 94.2% (65/69) of DGCs having 
RNAseq data available.  As in the MAUGIC cohort, BAMBI expression was higher 
in IGC than DGC or mixed GC (Figure 5.3.A).  Examining expression by molecular 
subtype, BAMBI expression was highest in chromosomal instability (CIN) and 
Epstein-Barr virus (EBV) subtypes, with lower expression in genomically 
stable (GS) and microsatellite instability (MSI) subtypes (Figure 5.3.B).  Further 
examination of the TCGA data set revealed that in the unsupervised RNA-seq 
analysis performed, BAMBI was identified as one of the top discriminating genes 
in one of the four gene clusters identified, C3, which is dominated by the CIN 
subtype of GC (Figure 5.4).  DGC had highest expression of GREM1 and GREM2, 
again consistent with the MAUGIC cohort (Figure 5.3 C and E).  Consistent with 
the DGC forming 73% of the GS TCGA subtype, GREM1 and GREM2 expression 
was highest in the GS subtype, with lowest expression seen in the EBV and MSI 
subtypes (Figure 5.3 D and F) (Cancer Genome Atlas Research Network 2014).

PFS analysis in the TCGA cohort was limited for these three genes, related to the 
immaturity of the survival data available for this cohort (Figure 5.5, Table 5.4).
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Figure 5.3.  BAMBI, GREM1 and GREM2 expression boxplots, TCGA cohort.
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Figure 5.5.  Progression free survival in diffuse and intestinal gastric cancer 
by BAMBI, GREM1 and GREM2 expression, TCGA cohort.
A) BAMBI DGC; B) BAMBI IGC; C) GREM1 DGC; D) GREM1 IGC; E) GREM2 DGC; 
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Gene n (%) Univariate analysis
Hazard ratio 95% CI p value

BAMBI
DGC
Low 35 (53.8) 1 -
High 30 (46.2) 1.65 0.27-10.09 0.59
IGC
Low 85 (49.1) 1 -
High 88 (50.9) 1.19 0.45-3.07 0.72
GREM1
DGC
Low 33 (50.8) 1 -
High 32 (49.2) 1.28 0.21-7.78 0.79
IGC
Low 85 (49.1) 1 -
High 88 (50.9) 1.91 0.72-5.10 0.19
GREM2
DGC
Low 31 (47.8) 1 -
High 34 (52.3) 0.70 0.11-4.28 0.70
IGC
Low 87 (50.3) 1 -
High 86 (49.7) 1.66 0.63-4.36 0.30

Table 5.4. Univariate progression free survival analysis for BAMBI, GREM1 
and GREM2 gene expression, TCGA cohort.

5.2.4 Expression of BAMBI, GREM1 and GREM2 validates using qRT-PCR in the 
MAUGIC cohort
To validate the levels of expression of BAMBI, GREM1 and GREM2 in the MAUGIC 
cohort, quantitative real time polymerase chain reaction (qRT-PCR) was 
performed.  A subset of 30 patient samples were examined, 27 of which were also 
included in the arrayed cohort.  As before samples were split in to high and low 
expression groups based on the median expression level.   Twelve IGC and ten 
DGC tumours had expression data for both qRT-PCR and microarray.  For BAMBI 
and GREM1 nine (75%) tumours had concordant expression values and for 
GREM2 expression values of eight (80%) tumours were concordant (Appendix 
G), giving good levels of concordance across both platforms.
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There is currently no reliable antibody available to differentiate between GREM1 
and GREM2 because of their close homology (Sudo et al. 2004, Jaeger et al. 2012).  
Because of this technical difficulty in distinguishing between GREM1 and GREM2 
at the protein level, and the observation that the expression changes associated 
with survival were opposite for GREM1 and GREM2, it was decided to take BAMBI 
forward for functional validation initially.  

5.3  INCREASED EXPRESSION OF BAMBI IS NOT RELATED TO COPY NUMBER 
ALTERATION OR MUTATION
To investigate the potential mechanisms contributing to BAMBI expression the 
TGCA published GC cohort was interrogated (Gao et al. 2013, Cancer Genome 
Atlas Research Network 2014).  Data available from the TCGA, in addition 
to RNA-seq, includes copy number data from GISTIC 2.0 analysis, and whole 
exome sequencing.  Copy number data provided from the TCGA GC publication 
supplementary data files were examined to see if the chromosomal location of 
BAMBI (10p12.3-11.2) was amplified (Degen et al. 1996).  These plots (Figure 
5.6) show focal amplification in the CIN subset at 10p11.2, in a peak that 
encompasses 15 genes, at a false discovery rate (FDR) of between 0.25 and 0.01 
(Cancer Genome Atlas Research Network 2014).  The 15 genes in this peak are 
not reported.  Using cBioPortal to examine the available GISTIC data, only five 
TCGA patients showed copy number alteration in BAMBI (Figure 5.7) (Gao et 
al. 2013).  Two patients had amplifications of BAMBI, both with DGC, and three 
patients, all with IGC, deletions.  Exome sequencing data was also reviewed for 
mutations, and one additional patient, classified as IGC, had a missense mutation, 
reported as A74T (Figure 5.7).  Copy number data from 15 patients in the MAUGIC 
cohort is available from Illumina 610 quad arrays (see Section 2.2.1).  Of these 
corresponding expression data was available for eight patients.  Analysis of this 
data did not identify any chromosomal alterations in BAMBI irrespective of gene 
expression.  The TCGA and MAUGIC data suggests that the higher expression of 
BAMBI in IGC and the CIN subtype is not related to either copy number alteration, 
or mutation.
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5.4  PATIENTS WITH HIGHER BAMBI EXPRESSION ARE OLDER AND HAVE 
LARGER TUMOURS
The clinical and pathological characteristics of IGC patients associated with 
BAMBI expression were examined to investigate whether a clinical phenotype 
was apparent, and could give an indication as to how BAMBI expression may 
impact survival.  The clinical and pathological characteristics are given in Table 
5.5.  Patients with high BAMBI expression were older (median age 71.5 years high 
expression vs 61.0 years low expression, p = 0.01), and had larger tumours by 
diameter (55 mm vs 35 mm).  Although not significant, patients with high BAMBI 
expression more likely to die of GC (66.7% high vs 32% low, p = 0.07).  Although 
tumours with high BAMBI expression where larger, there was no difference in 
AJCC stage or the presence of lymphovascular invasion (LVI) to implicate BAMBI 
expression in the process of invasion or metastasis based on clinical variables.

5.5  BAMBI EXPRESSION CORRELATES WITH EXPRESSION OF A NUMBER OF 
GENES FROM THE TGF-β AND WNT PATHWAYS
Analysis of clinical variables did not identify a likely mechanism through 
which BAMBI expression may influence survival in GC.  BAMBI is known to be 
an antagonist of TGF-β signalling and an agonist of the canonical Wnt pathway, 
therefore to examine which of these pathways BAMBI may be influencing survival 
through, BAMBI gene expression was correlated with genes in these pathways 
(Onichtchouk et al. 1999, Lin et al. 2008).  

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) diagrams for these 
pathways generated using gene expression data from the MAUGIC cohort as 
part of the pathway analysis described in Chapter 4 are given in Figures 5.8 
and 5.9.  The higher expression of BAMBI in IGC compared to normal tissue is 
identified by the red colour of the gene node for BAMBI (indicated by red arrow) 
in both pathways.  From these KEGG graphs the most obvious pattern is that of 
down regulation of the BMP branch of the TGF-β pathway, with all gene nodes 
downstream of BAMBI coloured green indicating lower expression, or grey 
indicating no difference in expression (Figure 5.8).  Of note GREM1, GREM2 and 
other secreted BMP antagonists would enter the pathway at the node labelled 
DAN (black arrow).  The white colour of this node indicates that these genes are 
not included in this pathway analysis, and are not included in the KEGG gene list 
for the TGF-β pathway (Figure 5.8).  In the canonical Wnt pathway no distinct 
pattern is seen, with up and down regulation of nodes distal to BAMBI in the 
pathway observed (Figure 5.9).
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Table 5.5. Clinical and pathological characteristics by BAMBI expression - 
intestinal gastric cancer.
Variable Low expression 

n = 25 (%)
High expression 

n = 24 (%)
P value

Age (years)
- Median
- Range

61.0
33-83

71.5
53-85

0.01*

Gender
- Female
- Male

5 (20.0)
20 (80.0)

9 (37.5)
15 (62.5)

0.30

Tumour location
- GOJ/Cardia
- Body
- Antrum

5 (20.0)
14 (56.0)
6 (24.0)

8 (33.3)
11 (45.8)
5 (20.8)

0.57

Lymphovascular invasion
- Present
- Absent
- Not documented

15 (32.0)
8 (60.0)
2 (8.0)

15 (16.7)
4 (62.5)
5 (20.8)

0.27

Differentiation
- Well
- Moderate
- Poor

1 (4.0)
13 (52.0)
10 (40.0)

0 (0.0)
11 (45.8)
12 (50.0)

0.51

Inflammatory score
- 1
- 2
- 3
- Not documented

8 (32.0)
7 (28.0)
7 (28.0)
3 (12.0)

10 (41.7)
7 (29.2)
5 (20.8)
2 (8.3)

0.76

Diameter (median) 35 mm 55 mm 0.04*
T stage

- T1
- T2
- T3

4 (16.0)
7 (28.0)

14 (56.0)

2 (14.3)
9 (28.6)

13 (57.1)

0.63

N stage
- N0
- N1
- N2
- N3

11 (44.0)
10 (40.0)

2 (8.0)
2 (8.0)

7 (29.2)
11 (45.8)
5 (20.8)
1 (4.2)

0.45

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

7 (28.0)
8 (32.0)
8 (32.0)
2 (8.0)

5 (20.8)
7 (29.2)

10 (41.7)
2 (8.3) 

0.90

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

13 (52.0)
3 (12.0)
8 (32.0)
1 (4.0)

5 (20.8)
3 (12.5)

16 (66.7)
0 (0.0)

0.07

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease excluded from recurrence analysis
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The correlation of BAMBI expression with genes in the TGF-β and Wnt pathways 
was examined to identify any patterns that may suggest the poorer survival seen 
in IGC patients with high BAMBI expression is due to alteration in signalling 
through one of these pathways.  The gene lists were identified from the KEGG 
gene lists, and are given in Tables 5.6 and 5.7.  These are the same genes included 
in the pathway analyses that generated the KEGG graphs, with the addition of 
GREM1 and GREM2, as although not included in the KEGG list for the TGF-β 
pathway, they were included in this analysis because of their significance 
on the survival analysis.  The genes identified as significantly correlated with 
BAMBI expression (in either direction) are reported in Table 5.8 and those with 
correlation co-efficients of >0.4 are given in Figure 5.10.  Although a number of 
genes were identified as having significant correlation with BAMBI expression, 
no component of either pathway had a number of genes correlated in the same 
direction, and no genes had a correlation co-efficient of >0.5.  In particular, there 
was no strong signal suggesting positive or inverse correlation with genes down 
stream of BAMBI signalling in these pathways.  The correlation plot of DKK2 
(dickkopf WNT signalling pathway inhibitor 2) demonstrates for some genes, 
particularly those where a large number of tumours have low expression values, 
a small number of tumours only were driving the correlation results.
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ACVR1 CHRD INHBC SMAD1

ACVR1B CREBBP INHBE SMAD2

ACVR1C CUL1 LEFTY1 SMAD3

ACVR2A DCN LEFTY2 SMAD4

ACVR2B E2F4 LTBP1 SMAD5

AMH E2F5 MAPK1 SMAD6

AMHR2 EP300 MAPK3 SMAD7

BMP1 FST MYC SMAD9

BMP2 GDF11 NODAL SMURF1

BMP3 GDF2 NOG SMURF2

BMP4 GDF5 PITX2 SP1

BMP5 GDF6 PPP2CA TFDP1

BMP6 GDF7 PPP2CB TGFB1

BMP7 GREM1 PPP2R1A TGFB2

BMP8A GREM2 PPP2R1B TGFB3

BMP8B ID1 RBL1 TGFBR1

BMP10 ID2 RBX1 TGFBR2

BMP15 ID3 RHOA THBS1

BMPR1A ID4 ROCK1 TNF

BMPR1B IFNG RPS6KB1 ZFYVE9

BMPR2 INHBA RPS6KB2 ZFYVE16

CDKN2B INHBB SKP1

Table 5.6.  TGF-β KEGG pathway gene list.

APC CTBP2 FZD5 NLK RAC2 TP53

APC2 CTNNB1 FZD6 PLCB1 RAC3 VANGL1

AXIN1 CTNNBIP1 FZD7 PLCB2 RBX1 VANGL2

AXIN2 CUL1 FZD8 PLCB3 RHOA WIF1

BTRC CXXC4 FZD9 PLCB4 ROCK2 WNT1

CACYBP DAAM GPC4 PORCN RUVBL1 WNT10A

CAMK2A DAAM2 GSK3B PPARD SENP2 WNT10B

CAMK2B DKK1 JUN PPP3CA SFRP1 WNT11

CAMK2D DKK2 LEF1 PPP3CB SFRP2 WNT16

CAMK2G DKK4 LRP5 PPP3CC SFRP4 WNT2

CCND1 DVL1 LRP6 PPP3R1 SFRP5 WNT2B

CCND2 DVL2 MAP3K7 PPP3R2 SIAH1 WNT3

CCND3 DVL3 MAPK10 PRICKLE1 SKP1 WNT3A

CER1 EP300 MAPK8 PRICKLE2 SMAD3 WNT4

CHD8 FBXW11 MAPK9 PRKACA SMAD4 WNT5A

CREBBP FOSL1 MMP7 PRKACB SOST WNT5B

CSNK1A1 FRAT1 MYC PRKACG SOX17 WNT6

CSNK1A1L FRAT2 NFATC1 PRKCA TBL1X WNT7A

CSNK1E FZD1 NFATC2 PRKCB TBL1XR1 WNT7B

CSNK2A1 FZD10 NFATC3 PRKCG TBL1Y WNT8A

CSNK2A2 FZD2 NFATC4 PRKX TCF7 WNT8B

CSNK2B FZD3 NKD1 PSEN1 TCF7L1 WNT9A

CTBP1 FZD4 NKD2 RAC1 TCF7L2 WNT9B

Table 5.7.  Wnt KEGG pathway gene list.
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Spearman’s 
correlation 

p value

TGF-β pathway
INHBB 0.43 0.04
PITX 0.38 0.02
ACVR1C -0.36 0.02
INHBA 0.35 0.03
TGFB2 0.35 0.04
ID4 -0.33 0.01
SMURF1 0.32 0.002
INHBE 0.32 0.007
MAPK1 0.31 0.02
RBX 0.30 0.02
SKP1 -0.29 0.01
Wnt pathway
CSNK2A2 0.42 0.002
DKK2 0.40 0.04
MAPK10 -0.36 0.02
CSNK2B 0.36 0.006
FZD2 0.35 0.04
CTNNBIP1 -0.34 0.03
NKD2 0.34 0.04
WNT4 -0.33 0.0008
PLCB4 0.33 0.005
RBX1 0.30 0.02
DKK1 0.30 0.03
SKP1 -0.29 0.01
GSK3B 0.28 0.01
PRKCB -0.28 0.04
PPP3CC 0.22 0.04

Table 5.8.  Genes with significant correlation with BAMBI expression.
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5.6  IN VITRO ASSESSMENT OF BAMBI FUNCTION
Examination of gene expression correlation with other Wnt and TGF-β family 
members, and the clinical characteristics of patients by BAMBI expression did 
not suggest a potential mechanism behind BAMBI’s impact on survival, nor which 
pathway that it might be signalling through.  Therefore, in-vitro functional assays 
were performed to identify whether knockdown or over-expression of BAMBI 
would demonstrate a phenotype.

5.6.1 Gastric Cancer cell lines demonstrate a range of BAMBI expression levels
Initially a panel of GC cell lines was examined for levels of expression of BAMBI 
using published gene expression values derived from Affymetrix HG-U133+2.0 
arrays (GSE 15460) (Ooi et al. 2009, Barrett et al. 2013).  These expression 
values were then confirmed using qRT-PCR with two independent primer pairs 
(Figure 5.11).  AGS and NCI-N87 (N87) cell lines were selected for use in in-vitro 
knockdown assays as these cell lines showed highest expression of BAMBI. 

5.6.2.  siRNA knockdown of BAMBI causes decreased invasion, proliferation and 
G0/G1 cell cycle arrest in AGS
Four independent siRNAs targeting BAMBI were initially used to induce 
knockdown of BAMBI in AGS and N87 cells.  Knockdown was confirmed at the 
messenger RNA (mRNA) level using qRT-PCR and at the protein level using 
Western blotting (Figure 5.12.A-C).  Three siRNAs targeting BAMBI (BAMBI-22, 
BAMBI-23 and BAMBI-24) showed the highest degree of knockdown and at least 
two of these three siRNA constructs were used in subsequent experiments (Figure 
5.12.A).  Duration of knockdown was assessed by qRT-PCR and Western blotting, 
with knockdown of BAMBI to expression levels of 50% or less of that seen in mock 
transfection controls observed out to 96 hours (Figure 5.12.D-E).  The fitness of 
AGS cells appeared to be affected by the process of transfection, with cells treated 
with mock transfection (lipid only) or non-targeting control siRNA (ON-TARGET 
plus non-targeting siRNA pool, OTP) having altered morphology compared to 
untreated cells (Figure 5.13).  Because of this observed effect on cell fitness, 
subsequent experiments were commenced 48 hours after knockdown to ensure 
that any phenotype observed in cells treated with siRNAs targeting BAMBI was 
due to knockdown of gene expression, and not treatment with lipid or siRNA.
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Figure 5.13.  Images of AGS cells 24 hours post knockdown.
A) No treatment; B) Mock transfection (lipid only); C) OTP (non-targeting control 
siRNA); D) BAMBI-24.  x10 magnification

A B

C D
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Proliferation and invasion assays were initially performed using AGS cells to 
examine whether siRNA knockdown of BAMBI would alter proliferative or invasive 
capacity of cells.  siRNA knockdown of BAMBI decreased both proliferation and 
invasion of AGS cell lines (Figure 5.14).  As noted above, these experiments were 
commenced 48 hours after knockdown to ensure that any phenotype observed 
was due to knockdown of gene expression, and not the treatment with lipid or 
siRNA (meaning the 96 hour time point in the proliferation assay is 144 hours 
post knockdown).  That the observed phenotype was due to knockdown of 
BAMBI and not the process of lipid or siRNA treatment was confirmed by the 
observation that there was no difference in proliferation or invasion between 
cells that underwent mock transfection or were treated with non-targeting siRNA 
(OTP) and cells that were subjected to no treatment (Figure 5.14). 

From the cell counts obtained during the proliferation assays there was no 
increase in the proportion of dead cells in the cells subjected to knockdown 
of BAMBI, suggesting the possibility of cell cycle arrest with knockdown of 
BAMBI expression, rather than increased cell death as the cause of the observed 
decreased proliferation.  This was confirmed using cell cycle analysis by 
fluorescence activated cell sorting (FACS), where Bromodeoxyuridine (BrdU)/
Propidium iodide (PI) staining revealed an increase in the number of cells in the 
G0/G1 phase, and a decrease in the proportion of cells in the S phase of the cell 
cycle 48 hours after knockdown of BAMBI (Figure 5.15.A, Appendix H).  

The FACS analysis also confirmed OTP, the non-targeting control siRNA affected 
the cells.  A higher proportion of cells treated with OTP were in the subG1 phase 
compared to cells undergoing mock transfection, suggesting more cell death in 
the OTP group (Figure 5.15.A).  Cells treated with siRNA BAMBI-23 also showed a 
higher proportion of cells in the sub G1 phase compared to cells undergoing mock 
transfection.  This was not the case for siRNA BAMBI-24 treated cells, suggesting 
this effect may be due to off target effects, or siRNA treatment.  To examine this 
further Annexin V/PI staining FACS was performed, and showed no increase in 
the number of apoptotic cells with siRNA knockdown of BAMBI, beyond what was 
seen with OTP treatment alone at 48 and 96 hours post knockdown (Figure 5.15.B, 
Appendix H).  These experiments confirmed a phenotypic effect of OTP, the non-
targeting control siRNA, with cells treated with OTP having a higher proportion 
of apoptotic cells when compared to cells undergoing mock transfection alone at 
both 48 and 96 hours as demonstrated by the higher proportion of cells staining 
with Annexin V (48 hours 11.02% mock transfection vs 20.38% OTP; 96 hours 
4.15% mock transfection vs 13.6% OTP).  To examine whether knockdown of 
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96 hours
Mock transfection 2.34 4.15 4.11
BAMBI-23 5.40 0.12 9.20 0.14 7.19 0.10
BAMBI-24 2.81 0.59 6.87 0.008 4.93 0.14
OTP 3.02 0.28 13.6 0.05 7.85 0.04

Figure 5.15.  FACS analysis, BAMBI knockdown in AGS.
A) BrdU/PI FACS; B) Annexin V/PI FACS.  
Mean and SEM plotted (n = 2).  P values are for t-test comparison to mock 
transfection.  * <0.05, ** <0.01.  Data from untreated cells not shown.
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BAMBI caused decreased proliferation and invasion by inducing senescence, 
β-galactosidase staining was performed, and showed no change in the number of 
senescent cells at 48 or 96 hours with BAMBI knockdown (Figure 5.16, Appendix 
I).  

Time post knockdown 48 hours 96 hours
Condition % positive cells p value % positive cells p value
Mock transfection 4.24 6.70
BAMBI-23 2.34 0.13 8.64 0.29
BAMBI-24 2.35 0.07 11.18 0.17
OTP 5.53 0.17 5.74 0.56
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Figure 5.16.  β-galactosidase staining, BAMBI knockdown in AGS.
Mean and SEM plotted (n = 2).  P values are for t-test comparison to mock 
transfection.  Data from untreated cells not shown.

In summary, these functional experiments showed that knockdown of BAMBI in 
AGS cells caused decreased invasion and proliferation, and G0/G1 phase cell cycle 
arrest without increase in apoptosis or senescence.  They also demonstrated that 
the process of siRNA knockdown affected the fitness of cells, as demonstrated by 
the higher proportion of cells undergoing apoptosis after treatment with non-
targeting siRNA control, OTP.
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To confirm this functional phenotype of BAMBI knockdown observed in the AGS 
cell line, the proliferation and invasion assays were repeated using N87 cells.  
No change in proliferation or invasion of N87 cells was observed with BAMBI 
knockdown in N87 (Figure 5.17).  One possible mechanism behind this would 
be different perturbations in the pathways that BAMBI functions through in 
these cell lines.  Review of the literature revealed that AGS is known to have a 
CTNNB1 (catenin beta 1, encoding β-catenin) mutation, and has nuclear staining 
of β-catenin suggesting constitutive activation of the canonical Wnt pathway, 
whereas N87 has methylation of CTNNB1, suggesting loss of signalling in the 
Wnt pathway, and a SMAD4 mutation with decreased expression of SMAD4, 
suggesting loss of signalling through the TGF-β pathway (Ebert et al. 2003, Katuri 
et al. 2005, Asciutti et al. 2011).  Western blotting to examine relative levels of 
β-catenin and BAMBI in AGS and N87 cells confirmed the qRT-PCR findings of 
higher expression of BAMBI in N87 compared to AGS, that N87 has lower levels 
of β-catenin expression than AGS, and that levels of total β-catenin did not change 
with BAMBI knockdown (Figure 5.18).  

To examine signalling in the TGF-β pathway, luciferase reporter assays were 
performed to look at responsiveness of wild type AGS and N87 cell lines.  These 
experiments were performed in collaboration with Professor Hong-Jian Zhu and 
Ms Josie Iaria, Cancer Signalling Laboratory, Department of Surgery, University 
of Melbourne.  Cell lines were prepared at Peter MacCallum Cancer Centre by 
myself, then transported to the Department of Surgery, University of Melbourne 
where the reporter assays were performed.  The BMP component of the TGF-β 
pathway was examined with a SMAD5 reporter assay treated with a single dose of 
BMP and the TGF-β component using a SMAD3 reporter assay with incremental 
doses of TGF-β (see Section 2.6.9).  Baseline luciferase activity was higher in 
both assays in AGS than in N87, suggesting higher non-stimulated activity in 
both pathways in AGS (Figure 5.19).  AGS cells showed an increase in luciferase 
activity after treatment with BMP and TGF-β, where as N87 cells showed no, or 
minimal response to treatment.  Taken together the luciferase reporter assays 
and lack of phenotype seen with knockdown of BAMBI expression in N87 provide 
some evidence that BAMBI may have its effect on cellular phenotype through the 
BMP or TGF-β pathway, with signalling in this pathway being intact in AGS, but 
not in N87 cells.
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Figure 5.17.  Proliferation and invasion assays, BAMBI knockdown in N87.
A) Representative proliferation assay to 96 hours; B) Representative invasion 
assay.  Mean and SEM plotted.  P values are for t-test comparison to mock 
transfection.  
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Figure 5.18.  β-catenin and BAMBI in AGS and N87 cell lines.
A) Relative expression of β-catenin and BAMBI in AGS and N87; B) β-catenin 
protein expression with BAMBI knockdown in AGS; C) β-catenin protein 
expression with BAMBI knockdown in N87.  μg values - amount of protein loaded 
per well.
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Figure 5.19.  TGF-β signalling pathway reporter assays in AGS and N87 wild 
type cells.
A) SMAD3 luciferase reporter assay examining dose response to TGF-β;  B) SMAD5 
luciferase reporter assay examining response to BMP.  Relative luciferase activity 
= firefly luciferase activity/Renilla luciferase activity.  Mean and SEM plotted.
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To investigate whether higher expression of BAMBI would lead to increased 
proliferation and invasion, BAMBI was stably overexpressed in the AGS cell line.  
Two clones were selected, and over-expression was demonstrated at mRNA and 
protein level (Figure 5.20 A and B).  No difference in invasion or proliferation 
was seen with over-expression of BAMBI in AGS (Figure 5.20 C and D).  β-catenin 
protein levels were again examined, and, concordant with what was observed 
with knockdown, no change in total β-catenin was seen with over-expression of 
BAMBI in AGS (Figure 5.20 E).  

5.6.3  Alteration in BAMBI expression does not change signalling in TGF-β, BMP 
or canonical Wnt pathways in AGS
Knockdown of BAMBI resulted in a phenotype in AGS cells, but not N87 cells, and 
a differential response to TGF-β and BMP had been demonstrated between these 
cell lines; therefore, the effect of knockdown and over-expression of BAMBI in AGS 
cells in the TGF-β and BMP pathways was investigated using luciferase reporter 
assays (see Section 2.6.9).  In addition to examining TGF-β and BMP signalling, 
canonical Wnt signalling was also examined using the TOPFLASH assay due to 
BAMBI’s known function as an agonist of this pathway (see section 2.6.10). 

There was no difference in baseline luciferase activity without stimulation by 
TGF-β, BMP or Wnt3a noted in any assay, suggesting no difference in baseline 
signalling of the TGF-β, BMP or canonical Wnt pathway with alteration in BAMBI 
expression.  Response to TGF-β was not altered by BAMBI over-expression or 
knockdown in the SMAD3 luciferase reporter assay  (Figure 5.21).  No difference 
in response was seen with treatment with BMP in the SMAD5 luciferase reporter 
assay with over expression or knockdown of BAMBI (Figure 5.22).   No difference 
in response to stimulation with Wnt3a was observed in the TOPFLASH assay 
with BAMBI over-expression or knockdown (Figure 5.23).  In the experiments 
involving cells being subjected to both siRNA transfection, and transfection with 
a luciferase reporter there was a decrease in fitness of the cells observed.  This 
added to the variability in these experiments, particularly in the TOPFLASH 
assays, which is reflected in the large confidence intervals.  This persisted despite 
optimisation of lipid concentrations.  

In summary, there was no evidence of altered signalling in TGF-β, BMP or canonical 
Wnt signalling in the AGS cell line with modulation of BAMBI expression.
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(n = 3). P values are for t-test comparison to mock transfection for knockdown or 
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5.6.4  Alteration in BAMBI expression in AGS does not impact on epithelial-to-
mesenchymal associated gene expression
BAMBI, although an antagonist of both TGF-β and BMP signalling, could potentially 
show greater inhibition through one pathway.  BMP, TGF-β and Wnt signalling are 
all recognised to have impact on the balance between EMT and MET, with BMP 
signalling favouring MET and TGF-β and Wnt signalling favouring EMT (Section 
1.11.3) (Xu et al. 2009, Ikushima and Miyazono 2010, Massague 2012).  If BAMBI 
inhibited BMP signalling with more potency than TGF-β signalling, combined 
with its agonist effect on canonical Wnt signalling, BAMBI theoretically could 
inhibit MET and promote EMT (Figure 1.16).

To examine whether modulation of BAMBI expression in AGS cells altered 
expression of EMT associated genes qRT-PCR was performed on AGS cell lines 
after siRNA knockdown or stable over-expression of BAMBI.  The panel of 
selected genes consisted of cadherin 1 (CDH1; encoding E-cadherin, expression 
of which is downregulated with EMT) (two primer pairs), vimentin (VIM; 
expression of which is associated with a mesenchymal phenotype), and selected 
transcription factors associated with EMT (zinc finger E-box binding homeobox 
1 (ZEB1), snail family zinc finger 1 (SNAI1), twist family basic helix-loop-helix 
transcription factor 1 (TWIST1)), and transforming growth factor beta 1 (TGFB1) 
were examined (Aroeira et al. 2007, Xu et al. 2009, Massague 2012, Halaoui and 
McCaffrey 2015).  No difference in EMT associated gene expression was seen in 
AGS with over-expression or knockdown of BAMBI (Figure 5.24), suggesting no 
alteration in the EMT-MET balance by modulation of BAMBI expression.
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5.7  EXPRESSION OF BMP ANTAGONISTS CORRELATES WITH EPITHELIAL-
TO-MESENCHYMAL ASSOCIATED GENE EXPRESSION
Although there was no association with manipulation of BAMBI expression and 
expression of EMT associated genes in the AGS cell line, this may not reflect 
what is seen in the tumour microenvironment.  Therefore the expression of EMT 
associated genes and their correlation with BAMBI expression was explored in 
the MAUGIC cohort using the Affymetrix HG-U133+2.0 array data.  As GREM1 
and GREM2, both BMP antagonists which are not known to have impact on the 
TGF-β branch of the TGF-β signalling pathway were found to be associated with 
survival in the gene expression survival analysis (Figure 5.2) their correlation 
with EMT associated genes was also explored, as was the correlation of additional 
BMP antagonists identified by literature review (Yanagita 2005, Walsh et al. 
2010).  Expression of all genes was determined using the MAUGIC dataset, and 
correlation was explored in all GC and in IGC, as the prognostic impact of BAMBI 
and GREM1 expression was identified in IGC alone (Figure 5.2).

Consistent with the qRT-PCR data results, where alteration in BAMBI expression 
did not affect EMT associated gene expression, there was minimal correlation 
between EMT associated genes and BAMBI expression in all GC or IGC (Figure 
5.25 A-B).  The most significant correlations seen were a negative correlation with 
ZEB1 expression (all GC R = -0.34, IGC R = -0.24 IGC) and a positive correlation 
with SNAI1 expression (all GC R = 0.25, IGC R = 0.39).  No other correlations with 
a correlation co-efficient of greater than 0.2 were observed.

In contrast, significant positive correlation was seen in all GC and IGC for GREM1, 
GREM2, chordin (CHRD), CHRDL1, BMP-binding endothelial regulator (BMPER), 
neuroblastoma 1 (NBL1) and noggin (NOG) with VIM, ZEB1 and zinc finger E-box 
binding homeobox 2 (ZEB2) expression, and to a lesser extent with snail family 
zinc finger 2 (SNAI2) and TWIST1 expression (Figure 5.25 A and B).  The general 
pattern for these BMP antagonists was also for a positive correlation with 
cadherin 2 (CDH2; N-cadherin) expression and a negative correlation with CDH1 
expression.  This provides some evidence of BMP antagonist expression in GC 
being associated with a more mesenchymal phenotype and EMT, with decreased 
expression of CDH1, and increased expression of CDH2 suggesting cadherin 
switching from E-cadherin to N-cadherin, and upregulation of VIM consistent 
with a mesenchymal phenotype (Lamouille et al. 2014, Halaoui and McCaffrey 
2015).  
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Figure 5.25.  BMP antagonist and epithelial-to-mesenchymal associated 
gene expression correlation using Affymetrix HG-U133+2.0 data.
A) All GC; B) IGC; C) Correlation of GREM1 expression with selected EMT genes 
in all GC; D) Correlation of GREM1 expression with selected EMT genes in IGC.
Green - negative correlation, Red - positive correlation.  Value = Spearman’s 
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The BMP antagonist with the most significant correlations was GREM1, which 
had positive correlations with co-efficients >0.2 with VIM, ZEB1, ZEB2, SNAI2 and 
TWIST1 in all GC and IGC, a positive correlation in IGC with CDH2, and a negative 
correlation with CDH1 in all GC (Figure 5.25 C and D).  In the MAUGIC cohort, 
higher expression of GREM1 was associated with poorer survival in IGC (Table 5.2 
and Figure 5.2).  This suggests that one of the potential mechanisms behind the 
poorer survival with high GREM1 expression is through driving a more invasive 
phenotype by induction of EMT.

5.8  DISCUSSION
The analysis outlined in this chapter identifies expression of BAMBI as a 
prognostic factor in IGC.  The experiments demonstrate that inducing the loss of 
BAMBI expression in a GC cell line with intact TGF-β and BMP signalling causes 
decreased invasion, proliferation and G0/G1 cell cycle arrest without increased 
cell death.  Although BAMBI does not appear to be regulating the process of 
EMT, up-regulation of EMT associated genes is associated with increased BMP 
antagonist expression, and is identified as a potential mechanism behind the 
adverse prognostic impact of GREM1 expression.  

The association of high expression of BAMBI with poorer survival has been 
demonstrated previously in colorectal cancer (CRC) and more recently in GC.  
Togo et al in 2008 identified strong immunohistochemical expression of BAMBI as 
being associated on poorer recurrence free survival in CRC on univariate analysis, 
although this was not significant on multivariate analysis that included T stage and 
presence of lymph node metastasis (Togo et al. 2008).  The immunohistochemical 
analysis from this cohort included 183 patients, with BAMBI expression identified 
in 81% (148) tumours, which was then scored as weak or strong.  Only the 148 
positive tumours appear to have been included in the survival analysis, with no 
data given on tumours without BAMBI expression (Togo et al. 2008).  Two recently 
published studies have also identified expression of BAMBI as prognostic in GC 
(Liu et al. 2014a, Zhang et al. 2014).  Liu et al report a cohort of 60 patients with 
GC from China where higher expression of BAMBI was associated with poorer OS, 
disease free survival (DFS), and higher stage, however HRs for survival were not 
provided and no multivariate analysis is reported (Liu et al. 2014a).  Although 
immunohistochemistry (IHC) was performed, survival by protein expression 
of BAMBI was not reported in this study.  Zhang et al report the expression of 
BAMBI by IHC in a cohort of 276 Chinese GC patients, and found expression of 
BAMBI was associated with poorer OS and DFS on univariate analysis, but not 
multivariate analysis (Zhang et al. 2014).  In this study by Zhang et al, Lauren 
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classification was not reported, only Bormann classification which was significant 
on univariate and multivariate analysis.  Subset analyses examining survival by 
BAMBI expression in the histological subtypes of the Bormann classification was 
not reported.  The antibody used in the publication by Liu et al was the Atlas 
antibody used in this study (HPA010866) (Liu et al. 2014a).  Although reported 
by the manufacturer to be suitable for IHC, it was not successful in our hands, and 
therefore IHC confirmation of BAMBI expression was not able to be tested.

Both of these studies examining the impact of BAMBI on GC survival report 
Asian cohorts, which are likely to have a lower proportion of DGC cases than the 
MAUGIC cohort, which is made up predominantly of non-Asian ethnicities (Table 
3.1).  This may explain why BAMBI expression was associated with survival in all 
GC on univariate analyses in these cohorts, but not in the MAUGIC cohort, where 
BAMBI expression shows no impact on survival in DGC or all GC (Table 5.1, Figure 
5.2).  The lack of significance of BAMBI on the multivariate analysis reported by 
Zhang et al may be due to the fact that the analysis has not accounted for the 
different histological subtypes in GC which, as clearly described in Chapters 3 
and 4 of this thesis, show heterogeneity in their survival and molecular make up.  
That BAMBI expression is one of the top differentiating genes in the CIN subtype 
of GC in the TCGA provides further evidence that it is likely to be important in a 
subset of IGC, and have limited impact in DGC (Cancer Genome Atlas Research 
Network 2014).  

Liu et al also presented results of shRNA knockdown of BAMBI in the N87 cell 
line as a functional examination on the effect of BAMBI in an in-vitro model 
system of GC (Liu et al. 2014a).  They reported decreased invasion and migration 
with shRNA knockdown of BAMBI in N87, results that were not replicated in 
the analysis performed as part of this thesis (Liu et al. 2014a).  Knockdown of 
gene expression in this thesis was performed using a different method, siRNA 
knockdown, and this potentially contributes to the difference in phenotype seen.  
However, the quoted shRNA used by Liu et al (sc-62576-SH) when searched is not 
targeted at BAMBI, but at MacroH2A, encoded by H2A histone family member Y2 
(H2AFY2), suggesting that the phenotype seen in N87 described in this paper is 
potentially due to knockdown of a gene other than BAMBI (Cantarino et al. 2013).  
In the experiments performed as part of this thesis, knockdown of BAMBI with all 
three of the siRNAs investigated resulted in decreased invasion and proliferation 
in AGS cells, suggesting this phenotype is due to knockdown of BAMBI, and not 
due an off target effect (Figure 5.14). 
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Modulation of BAMBI expression has been found to alter cell migration and 
proliferation, and TGF-β signalling in other cell types.  Over expression of BAMBI 
in SKOV3, an epithelial ovarian cell line, was found to enhance proliferation and 
migration, and decrease apoptosis (Pils et al. 2010).  In the HCT116 CRC cell line, 
which has intact TGF-β signalling, siRNA transfection targeting BAMBI resulted 
in a more epithelial morphology and increased response to TGF-β (Fritzmann 
et al. 2009).  Over-expression of BAMBI in HCT116 cells conversely increased 
motility, and decreased response to TGF-β (Fritzmann et al. 2009).  No specific 
morphology was noted to be associated with knockdown of BAMBI in AGS, 
however this observation is confounded by the altered morphology seen in AGS 
cells with mock transfection and treatment with the non-targeting control siRNA, 
OTP (Figure 5.13).  In contrast to the observation in HCT116 cells reported by 
Fritzmann et al, over-expression of BAMBI did not generate a phenotype in AGS 
cells in the experiments performed as part of this thesis (Fritzmann et al. 2009).  
There are a number of potential reasons why this may be the case, including that 
the level of BAMBI expression achieved was only 4-7 fold higher than wild type AGS 
cells (Figure 5.20.A), whereas in HCT116 cells a 25 fold higher level of expression 
was obtained.  AGS cells have a relatively high baseline level of BAMBI expression 
compared to other GC cell lines (Figure 5.11), and it may be that the AGS model 
system is not able to respond to a higher level of expression due to saturation.  
Over-expression of BAMBI in a different GC cell line, or achieving a higher degree 
of over expression if possible could be potential mechanisms to investigate this 
further in GC.  However, the observations that alterations in BAMBI expression 
can effect proliferation and invasion in other cell types confirms the functional 
results seen with knockdown of BAMBI in AGS.

As noted above, manipulation of BAMBI expression in other cell lines and 
model systems has demonstrated alteration in response to TGF-β (Fritzmann 
et al. 2009).  Using the luciferase reporter assays, no alteration in response to 
TGF-β, BMP or Wnt3a was seen with increase or decrease of BAMBI expression 
in AGS.  This may reflect that BAMBI is indeed not operating through the TGF-β, 
BMP or canonical Wnt signalling pathways, or may reflect the method of gene 
knockdown used, and the relatively low level of over expression achieved.  In 
the siRNA knockdown model, the process of siRNA knockdown was shown to 
effect cell fitness, as demonstrated by the FACS analysis of AGS cells, where 
OTP treated cells had higher rates of apoptosis than mock transfected cells, and 
indirectly inferred from the proliferation assays in N87, where there was higher 
proliferation seen in untreated cells compared to lipid or siRNA treated cells 
(Figure 5.17.A).  Repeating the functional experiments using a different model 
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system, for example, conditional shRNA knockdown of BAMBI or CRISPR directed 
against BAMBI may provide more information as to whether the prognostic 
impact of BAMBI in IGC is related to alterations in signalling in TGF-β, BMP or 
canonical Wnt pathways.  

There are a number of points in the TGF-β and canonical Wnt signalling 
pathways where cross talk occurs, including at BAMBI (Figures 5.8 and 5.9).  
BAMBI expression has been shown to be directly up-regulated by β-catenin 
and contributes to loss of response to TGF-β in CRC tumour cells (Sekiya et al. 
2004b).  BMP and TGF-β signalling also induce BAMBI expression (Onichtchouk 
et al. 1999, Sekiya et al. 2004a).  The elevated expression of BAMBI seen in a 
subset of IGC may be related to Wnt or TGF-β pathway activation, and therefore 
only be a marker of the involvement of these pathways in the progression of 
carcinogenesis, not a driver in itself.  In the AGS cell line, the higher level of 
BAMBI expression compared to other GC cell lines could potentially be driven 
by the constitutive activation of β-catenin.  This would also explain why the fold 
increase in expression able to be induced was low, and no phenotype was seen 
with forced over-expression, as in wild type AGS the level of BAMBI expression 
may have already saturated signalling pathways.  However the observation of a 
phenotype with BAMBI knockdown in AGS suggests at least some role for BAMBI 
in the process of invasion and proliferation.  That no phenotype is seen in N87, a 
cell line which is non-responsive to TGF-β or BMP provides some evidence to this 
effect being due to changes in TGF-β or BMP signalling.   

Another explanation as to why no alteration in TGF-β, BMP or Wnt activity was 
seen with knockdown of BAMBI in AGS is that BAMBI is exerting an effect via 
another pathway.  The identification of cell cycle arrest in G0/G1 phase with BAMBI 
knockdown in AGS, suggests that the cell cycle would be an interesting avenue 
to investigate further.  A potential role in cell cycle progression for BAMBI has 
been suggested previously by Lin et al, who demonstrated that over-expression 
of BAMBI in HEK293T cells increased activity of a cyclin D1 driven luciferase 
reporter, and that knockdown of BAMBI decreased expression of cyclin D1 (Lin 
et al. 2008).  Another potential mechanism by which BAMBI could be affecting 
survival in GC is through an effect on neoangiogenesis.  BAMBI is thought to 
have a role in the regulation of endothelial function, with BAMBI knockout mice 
showing an altered endothelial phenotype compared to BAMBI wild type mice, 
and in human umbilical vein endothelial cells (HUVEC) knockdown of BAMBI 
using siRNA resulted in increased capillary formation, whereas over-expression 
of BAMBI decreased capillary formation (Guillot et al. 2012).  A model system of 
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knockdown with less effect on cellular fitness than seen with siRNA knockdown 
would allow more high throughput methods, such as RNA-seq or reverse phase 
protein arrays to be utilised to examine other pathways that may be perturbed 
with alterations in BAMBI expression level to investigate this further.  

The mechanism of over expression of BAMBI was not identified in this study.  
From the TCGA data it is unlikely to be driven by mutation, and from the 
MAUGIC and TCGA copy number data there is no evidence of amplification of 
BAMBI contributing to the observed increase in expression (Gao et al. 2013, 
Cancer Genome Atlas Research Network 2014).  Epigenetic regulation of BAMBI 
expression has not been explored in this thesis, but has been identified in 
another cancer type, with silencing of BAMBI expression by hypermethylation 
of its promoter found in a subset of high grade bladder cancer (Khin et al. 
2009).  Theoretically, hypomethylation of the BAMBI promoter could therefore 
be associated with increased expression, unfortunately methylation data is 
not available for the MAUGIC cohort at this stage, and very limited methylation 
data is available from the TCGA cohort to allow for investigation of this (Cancer 
Genome Atlas Research Network 2014).  Another potential mechanism of 
increased expression would be that of a chromosomal re-arrangement causing 
BAMBI transcription to be controlled by another gene promoter, and as BAMBI is 
a discriminating gene in the CIN subset of GC this is a theoretical possibility.  The 
information on structural re-arrangements provided in the TCGA GC publication 
supplementary figures shows no in-frame gene fusions involving the short arm 
of chromosome 10 where BAMBI is located, and no overlap of events for RNAseq 
and whole genome sequencing at that location, which indirectly suggests that 
structural re-arrangement is unlikely to be the cause of over-expression (Cancer 
Genome Atlas Research Network 2014).  As has already been alluded to above, 
BAMBI transcription can be induced by a number of ligands, and higher expression 
of BAMBI may be caused by upregulation of one of these ligands.  Although not 
directly explored experimentally, the correlation of BAMBI expression with other 
Wnt and TGF-β pathway genes did not identify any strong positive correlations 
associating BAMBI expression with Wnt, BMP or TGF-β ligands (Table 5.8).  
BAMBI expression showed a positive correlation with TGFB2 expression (R = 
0.35, p = 0.04), although this would not be considered significant when multiple 
testing is accounted for.  A negative correlation was seen with WNT4 expression 
(R = -0.33, p = 0.0008).  That higher BAMBI expression may be a marker for the 
process driving its expression cannot be discounted, but, as discussed above, that 
a phenotype is seen with BAMBI knockdown in AGS cells provides some evidence 
that BAMBI itself is acting in the process of carcinogenesis.  
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A number of BMP antagonists were identified as differentially expressed 
between DGC and IGC, and between normal gastric epithelium and DGC or IGC.  
BMP signalling is a branch of the TGF-β pathway, which was significant on the 
pathway analysis comparisons of DGC with IGC, T stage 1 and 2 with T stage 3 
and 4 and the comparisons of both DGC and IGC with normal gastric tissue (Table 
4.6, Appendices D and E, Figures 5.8-5.9).  This suggests there is an important 
role for BMP antagonism in the process of GC carcinogenesis and progression, 
and identifies the TGF-β pathway as potentially having a different role in IGC and 
DGC.  

Although no experimental validation was performed to explore the role of 
GREM1 expression in progression of GC (because of the lack of a reliable antibody 
to distinguish it from GREM2) the results from the gene expression correlation 
analysis suggest that GREM1 may influence the survival of patients with GC by 
modulating EMT (Figure 5.25).  The potential modulation of the balance between 
EMT and MET is also suggested by investigations into the function of GREM1 in 
model systems of non-malignant  and malignant diseases.  In idiopathic pulmonary 
fibrosis (IPF) GREM1 expression was found to be higher in lung biopsies of 
patients with IPF compared to biopsies from control patients, and expression 
of GREM1 in A549 lung epithelial cells increased their propensity to undergo 
TGF-β induced EMT (Koli et al. 2006).   A role for GREM1 in EMT associated with 
diabetic nephropathy, pauci-immune glomerulonephritis and chronic allograft 
nephropathy has also been proposed (Lappin et al. 2002, Mezzano et al. 2007, 
Carvajal et al. 2008).  In mesothelioma, higher GREM1 expression has been 
demonstrated compared to normal mesothelial cells, and in mesothelioma cell 
lines siRNA knockdown of GREM1 decreased proliferation and was associated 
with down regulation of N-cadherin and vimentin, and upregulation of E-cadherin, 
consistent with a more epithelial phenotype (Tamminen et al. 2013).  Knockdown 
also sensitised cells to treatment with paclitaxel and pemetrexed, providing 
some evidence that targeting GREM1 expression may be useful in treatment of 
some cancers, potentially as an adjunct to currently used chemotherapeutics to 
increase sensitivity (Tamminen et al. 2013).

GREM1 has a number of other functions that potentially could contribute to 
its involvement in the progression of malignancy.  It has been implicated in 
angiogenesis of eutopic endometrium in endometriosis and found to be an agonist 
of VEGFR2 suggesting potential roles in neovascularisation in malignancy (Sha et 
al. 2009, Mitola et al. 2010, Lavoz et al. 2015).  Roles for GREM1 in inflammation 



208

and leucocyte attraction and differentiation have also been proposed in models 
of atherosclerosis and renal fibrosis providing evidence for a role in immune 
function (Muller et al. 2013, Muller et al. 2014, Lavoz et al. 2015).  The evidence 
behind GREM1 having the potential to have a significant role in the progression 
of GC is compelling, and the prognostic impact identified in this study suggests 
it is worthy of further study, however a number of the above studies need to 
be interpreted with the homology of GREM1 and GREM2 in mind, with some 
utilising IHC antibodies that could potentially cross react with GREM2 to identify 
increased GREM1 expression (Carvajal et al. 2008, Sha et al. 2009, Muller et al. 
2013, Tamminen et al. 2013, Lavoz et al. 2015).  

In summary, this analysis has added to the evidence that BAMBI expression is 
important in the progression of gastro-intestinal malignancies.  This is the first 
study to report the association of poorer survival in IGC that remains significant 
on multivariate analysis.  Knockdown of BAMBI in a cell line with intact TGF-β 
signalling produced a less invasive and proliferative phenotype, however despite 
attempting to identify which pathway this phenotype is mediated through using 
multiple in-vitro methods and analyses, the mechanism behind the poorer 
survival seen in IGC patients with higher BAMBI expression remains unknown, 
and is an area of further study.  This analysis also identifies an association of BMP 
antagonists with EMT, and GREM1 in particular deserves investigation in further 
studies.
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CHAPTER 6

Mismatch repair, inflammatory score and 
prognosis in gastric cancer

6.1  INTRODUCTION
Microsatellite instability (MSI), the state of hypermutation that results from 
impaired DNA mismatch repair (MMR), associated with gastric cancer (GC) was 
reported in the 1990s, and was identified as one of the molecular subtypes of GC 
by the Cancer Genome Atlas (TCGA) (Han et al. 1993, Rhyu et al. 1994, Cancer 
Genome Atlas Research Network 2014). The lack of recurrence and survival data 
from the TCGA cohort has limited the application of the identified molecular 
subtypes into the clinic.  Chapter 4 introduces the pathway analysis that identified 
the MMR pathway as significantly dysregulated between diffuse gastric cancer 
(DGC) and intestinal gastric cancer (IGC).  This chapter now explores the impact 
of MMR gene and protein expression on survival in the MAUGIC cohort.  

6.2  THE MISMATCH REPAIR PATHWAY IS UPREGULATED IN INTESTINAL 
GASTRIC CANCER COMPARED TO NON-MALIGNANT GASTRIC TISSUE
The MMR pathway, as defined by the Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) database, was identified as downregulated in DGC compared to IGC in 
the pathway analysis (see Section 2.3.3, Table 4.6).  The genes included in the 
KEGG definition of this pathway are given in Table 6.1.  Examining the pathways 
perturbed between DGC and normal gastric epithelium, and IGC and normal this 
is most likely due to up-regulation of the MMR pathway in IGC (Appendices E 
and F, Figure 6.1.A).   Although the MMR pathway does not appear in the list 
of significantly perturbed pathways between normal gastric tissue and DGC, the 
KEGG graph of normal compared to DGC shows a similar pattern to the normal 
versus IGC comparison, with a number of components of the pathway showing 
higher expression, suggesting importance of the pathway in DGC as well as IGC 
(Figure 6.1.B).  

EXO1 PCNA RFA2

LIG1 POLD1 RFC1

MLH1 POLD2 RFC2

MLH3 POLD3 RFC3

MSH2 POLD4 RFC4

MSH3 PSM2 RPA3

MSH6 RFA1 RPA4

Table 6.1.  Mismatch repair KEGG pathway gene list.
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Figure 6.1.  KEGG graph - Mismatch repair pathway.
A) Reference - normal, sample - intestinal gastric cancer; B) Reference - normal, 
sample - diffuse gastric cancer.  Green - lower expression of genes in sample, red 
- higher expression

A B
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6.3 FOUR MISMATCH REPAIR PATHWAY GENES ARE ASSOCIATED WITH 
SURVIVAL IN THE MAUGIC COHORT
The genes that make up the MMR KEGG pathway (Table 6.1) were included in 
the survival analysis described in Chapter 4 because of the identification of its 
differential perturbation between DGC and IGC, and because of the identification 
of an MSI subtype of GC by the TCGA (Cancer Genome Atlas Research Network 
2014).  Of the MMR pathway genes, the expression of four, MutL homolog 3 
(MLH3), MutS homolog 3 (MSH3), polymerase delta 3 (POLD3) and replication 
factor C1 (RFC1) were significant on survival analysis (Table 4.12).  Examining 
the expression levels of these four genes, expression of MLH3 and POLD3 was 
higher in tumour than in normal gastric tissue, with no difference in expression 
seen between Lauren classification subtypes (Figure 6.2.A and C, Table 4.12).  No 
difference in expression was seen in MSH3 or RFC1 between tumour and normal 
gastric tissue or between Lauren classification subtypes (Figure 6.2.B and D, 
Table 4.12). 

The progression free survival (PFS) analysis results for each of the genes 
are given in Tables 6.2 – 6.5, and PFS Kaplan-Meier curves for DGC and IGC 
are shown in Figure 6.3.  Expression values for all genes were dichotomised 
around the median for the purposes of the survival analysis.  On multivariate 
analysis including American Joint Committee on Cancer (AJCC) stage, low MLH3 
expression (Table 6.2, Figure 6.3.A) and high POLD3 expression was associated 
with poorer survival in DGC (Table 6.4, Figure 6.3.E).  Low RFC1 expression was 
associated with poorer survival in all GC on multivariate analysis including AJCC 
stage (divided into stage I, II, III and IV) and Lauren classification, and in IGC on 
multivariate analysis including AJCC stage (Table 6.5, Figure 6.3.H).  Low MSH3 
expression was associated with poorer survival in all GC and IGC on multivariate 
analysis, but lost significance on multivariate analysis for DGC (Table 6.3, Figure 
6.3.C and D).
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Table 6.2. Progression free survival based on MLH3 gene expression, MAUGIC cohort.
n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

53 (53.0)
47 (47.0)

1
0.70

-
0.43-1.15 0.15

1
0.79

-
0.47-1.33 0.38

DGC
Low
High

17 (42.5)
23 (57.5)

1
0.49

-
0.23-1.01 0.05

1
0.45

-
0.21-0.99 0.05

IGC
Low
High

28 (57.1)
21 (42.9)

1
1.03

-
0.47-2.27 0.94

1
1.17

-
0.52-2.65 0.70

Multivariate analysis includes AJCC stage (stage I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage

Table 6.3. Progression free survival based on MSH3 gene expression, MAUGIC cohort.
n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

54 (54.0)
46 (46.0)

1
0.45

-
0.27-0.75 0.002

1
0.49

-
0.29-0.85 0.01

DGC
Low
High

20 (50.0)
20 (50.0)

1
0.44

-
0.21-0.93 0.03

1
0.51

-
0.22-1.17 0.11

IGC
Low
High

28 (57.1)
21 (42.9)

1
0.26

-
0.10-0.70 0.004

1
0.31

-
0.11-0.84 0.02

Multivariate analysis includes AJCC stage (stage I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage

Table 6.4. Progression free survival based on POLD3 gene expression, MAUGIC cohort.
n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

50 (50.0)
50 (50.0)

1
1.14

-
0.70-1.85 0.60

1
1.30

-
0.78-2.15 0.32

DGC
Low
High

23 (57.5)
17 (42.5)

1
2.75

-
1.25-6.06 0.01

1
3.88

-
1.65-9.12 0.002

IGC
Low
High

22 (44.9)
27 (55.1)

1
0.80

-
0.36-1.75 0.57

1
0.92

-
0.41-2.04 0.83

Multivariate analysis includes AJCC stage (stage I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage
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Table 6.5. Progression free survival based on RFC1 gene expression, MAUGIC cohort.
n (%) Univariate analysis Multivariate analysis

Hazard 
ratio

95% CI p value Hazard 
ratio

95% CI p value

All GC
Low
High

47 (47.0)
53 (53.0)

1
0.59

-
0.36-0.96 0.03

1
0.57

-
0.34-0.94 0.03

DGC
Low
High

17 (42.5)
23 (57.5)

1
0.88

-
0.43-1.81 0.74

1
0.62

-
0.29-1.34 0.22

IGC
Low
High

25 (51.0)
24 (49.0)

1
0.35

-
0.15-0.81 0.01

1
0.18

-
0.06-0.55 0.003

Multivariate analysis includes AJCC stage (stage I, II, III and IV) and Lauren classification for all 
GC, and for DGC and IGC includes AJCC stage

6.3.1  MSH3, MLH3, POLD3 and RFC1 – a brief introduction
As all of these genes occur in the MMR pathway, there is a theoretical basis behind 
each having a potential role in the carcinogenic process.  Reviewing the literature 
on the function of these four genes, the evidence of a potential detrimental role on 
survival from GC is strongest for MSH3 (Xie et al. 1999, Akiyama et al. 2001, Pinto 
et al. 2008, Watson et al. 2014, Carethers et al. 2015, Spier et al. 2015).  MSH3 
is one of the MutS homolog genes. It is frequently affected by somatic mutation 
at its exon 7 [A8] microsatellite in MMR deficient malignancies (Watson et al. 
2014).  MSH3 loss and loss of function is associated with elevated microsatellite 
alterations at selected tetranucleotide repeats (EMAST) in the genome.  This has 
been reported in a number of malignancies as discussed in the literature review 
(see Section 1.9) (Watson et al. 2014, Carethers et al. 2015).  EMAST has not yet 
been described in GC, although instability at tetranucleotide repeats has been 
reported in GC (Kim et al. 2001).  Methylation and subsequent silencing of MSH3 
has been demonstrated to occur more frequently in elderly (>75 years of age) 
Korean patients compared to younger patients (<45 years of age) (18% vs 7%, 
p = 0.03) in sporadic GC (Kim et al. 2001, Kim et al. 2010a).  In colorectal cancer 
(CRC) EMAST is associated with poorer prognosis compared to non-EMAST CRC 
(Garcia et al. 2012).  

MLH3 is a MutL homolog, and was identified as a MMR protein by its interaction 
with MLH1 (Lipkin et al. 2000).  Current evidence suggests that mutations in 
MLH3 do not contribute to an MSI phenotype, and do not alone predispose to 
hereditary CRC according to criteria that define Lynch Syndrome (Liu et al. 
2003, Ou et al. 2009).   MLH3 contains microsatellite sequences, and therefore 
mutations in MSI tumours may be a consequence, and not a cause of, the mutator 
phenotype of MSI (Akiyama et al. 2001, Pinto et al. 2008).
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Figure 6.3.  Progression free survival in diffuse and intestinal gastric by 
MLH3, MSH3, POLD3 and RFC1 expression, MAUGIC cohort.
A) MLH3 DGC; B) MLH3 IGC; C) MSH3 DGC; D) MSH3 IGC; E) POLD3 DGC; 
F) POLD3 IGC; G) RFC1 DGC; H) RFC1 IGC.
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POLD3 encodes an accessory subunit of DNA polymerase delta (POLδ), and is 
involved in DNA synthesis and binding of co-factors of DNA replication such as 
proliferating cell nuclear antigen (PCNA) (Briggs and Tomlinson 2013).  There 
is some data suggesting a role in carcinogenesis, with two missense mutations 
in POLD3 being identified in a screen of patients and families with unexplained 
colorectal adenomatous polyposis or multiple colorectal adenomas and 
carcinomas (Spier et al. 2015).  The authors note however, that as polymerases 
are highly conserved, larger cohorts and functional analyses are needed to 
determine whether these mutations are indeed causative.   

RFC1 encodes the large subunit of replication factor C (RFC), which is a 
heteropentameric protein complex that functions in DNA repair and replication 
(Mossi and Hubscher 1998).  It binds to both double stranded DNA and PCNA, 
loading PCNA onto DNA (Mossi and Hubscher 1998).  In co-operation with the 
retinoblastoma (Rb) protein, it is thought to promote cell survival after DNA 
damage (Pennaneach et al. 2001).  There is limited published data to suggest a 
role for RFC1 in cancer, however mutations in yeast have been associated with 
di-nucleotide microsatellite instability and its role in the MMR pathway suggest 
that alterations in RFC1 could have a role in cancer (Xie et al. 1999).

6.3.2  MSH3 expression is lowest in MSI and CIN gastric cancer subtypes 
Expression of these four genes was examined in the TCGA cohort to explore 
any associations with Lauren classification (Figure 6.4) and molecular subtype 
(Figure 6.5).  In the TCGA cohort IGC cases showed lower expression of MSH3 
compared to mixed GC or DGC (Figure 6.4.B).  POLD3 and RFC1 had higher 
expression in IGC compared to DGC or mixed GC (Figure 6.4.C and D).  There was 
no difference in MLH3 expression across Lauren classification subtypes in the 
TCGA cohort (Figure 6.4.A).  Significantly different levels of expression were seen 
in all four genes across molecular subtypes (Figure 6.5).  RFC1 showed higher 
expression in EBV and MSI subtypes (Figure 6.5.D), and POLD3 in the EBV subtype, 
although the CIN subtype had the highest range for POLD3 (Figure 6.5.C).  Levels 
of expression for MSH3 were lowest in the MSI and CIN subtypes, consistent 
with the phenomenon of loss of MSH3 expression in MSI-high (MSI-H) CRCs, and 
suggesting that the loss of MSH3 not related to MSI may be a phenomenon seen 
in a subset of CIN GC (Figure 6.5.B).  Review of the GISTIC peaks from the TCGA 
GC cohort did not show a deletion at the chromosomal location of MSH3, 5q14, 
suggesting copy number alteration is not a common cause for loss of expression 
however (Cancer Genome Atlas Research Network 2014).  PFS was examined by 
expression of all four genes in the TCGA cohort but was not significant, and the 



217

Diffuse Intestinal Mixed

−1
.0

0.
0

0.
5

1.
0

1.
5

2.
0

Kruskal−Wallis test p−value : 0.43
Lauren classification

lo
g 

M
LH

3 
ex

pr
es

si
on

 (R
PK

M
)

Diffuse Intestinal Mixed

1.
0

1.
5

2.
0

2.
5

Kruskal−Wallis test p−value : 0.02
Lauren classification

lo
g 

M
SH

3 
ex

pr
es

si
on

 (R
PK

M
)

Diffuse Intestinal Mixed

1.
0

2.
0

3.
0

4.
0

Kruskal−Wallis test p−value : 0.01
Lauren classification

lo
g 

PO
LD

3 
ex

pr
es

si
on

 (R
PK

M
)

Diffuse Intestinal Mixed

1.
5

2.
0

2.
5

3.
0

Kruskal−Wallis test p−value : 0.02
Lauren classification

lo
g 

R
FC

1 
ex

pr
es

si
on

 (R
PK

M
)

Figure 6.4.  Expression boxplots by Lauren classification, TCGA cohort.
A) MLH3; B) MSH3; C) POLD3; D) RFC1.
RNAseq expression values.  RPKM - reads per kilobase of transcript per million mapped reads

A B

C D



218

CIN EBV GS MSI

−1
.0

0.
0

0.
5

1.
0

1.
5

2.
0

Kruskal−Wallis test p−value : 0.03
Molecular subtype

lo
g 

M
LH

3 
ex

pr
es

si
on

 (R
PK

M
)

CIN EBV GS MSI

1.
0

1.
5

2.
0

2.
5

Kruskal−Wallis test p−value : 0.03
Molecular subtype

lo
g 

M
SH

3 
ex

pr
es

si
on

 (R
PK

M
)

CIN EBV GS MSI

1.
0

2.
0

3.
0

4.
0

Kruskal−Wallis test p−value : 0.002
Molecular subtype

lo
g 

PO
LD

3 
ex

pr
es

si
on

 (R
PK

M
)

CIN EBV GS MSI

1.
5

2.
0

2.
5

3.
0

Kruskal−Wallis test p−value : 0.001
Molecular subtype

lo
g 

R
FC

1 
ex

pr
es

si
on

 (R
PK

M
)

A B

C D

Figure 6.5.  Expression boxplots by molecular subtype, TCGA cohort.
A) MLH3; B) MSH3; C) POLD3; D) RFC1.
RNAseq expression values.  RPKM - reads per kilobase of transcript per million mapped reads



219

the lack of maturity of the survival data for this cohort limit the conclusions that 
can be drawn from this analysis (Figure 6.6).

MSH3 was chosen for further analysis for a number of reasons.  MSH3 expression 
was associated with survival in all GC, particularly in the IGC subtype.   Additionally 
the association of loss of MSH3 expression with EMAST, poorer survival seen in 
EMAST CRC, and the potential for sensitivity to particular chemotherapeutics, 
made MSH3 a good candidate for further analysis (Devaraj et al. 2010, Lee et al. 
2010, Takahashi et al. 2011, Garcia et al. 2012, Carethers et al. 2015).  The clinical 
and pathological variables associated with MSH3 expression were explored in 
DGC and IGC.  While no variables were associated with MSH3 expression in DGC 
in the MAUGIC cohort (Table 6.6), in IGC low expression of MSH3 was associated 
with older age (median age low expression 70 years vs 63 years high expression, 
p = 0.03), and higher rates  of death from GC (low expression 67.9% vs 23.8% 
high expression) (Table 6.7).  Stage was not controlled for in these comparisons.

To validate the levels of MSH3 expression, quantitative real time polymerase 
chain reaction (qRT-PCR) was performed.  A subset of 30 patient samples from 
the MAUGIC cohort were examined, 27 of which were included in the arrayed 
cohort.  Samples were split in to high- and low-expression groups by the median 
expression level, as had been done for gene expression measured by microarray.  
Of the 27 patients for whom gene expression data was available from both 
microarray and qRT-PCR only 12 (44.4%) showed concordance across both 
platforms (Appendix G).  This is in contrast to the concordance seen in validating 
the expression levels of GREM1, GREM2, and BAMBI as described in Chapter 5 
(Appendix G), where there was 75-80% concordance.   A potential reason for 
this low level of concordance across platforms would be if the level of expression 
of MSH3 was low, and therefore more subject to error.  The level of expression 
of MSH3, as shown by the median expression values from both the microarray 
experiments and qRT-PCR given in Table 6.8, suggest that low expression levels 
are not contributing to the erroneous identification of MSH3 as a potential 
candidate gene, with a median gene expression level from the Affymetrix HG-
U133+2.0 arrays of 6.77, and a median raw CT value of 22.49.  However the 
dynamic range of expression values for MSH3 when compared to BAMBI, GREM1 
and GREM2, is much smaller on both platforms (Table 6.8).  This will limit the 
ability to differentiate between tumours with high and low expression levels 
when split around median values. 
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Figure 6.6.  Progression free survival in diffuse and intestinal gastric cancer 
by MLH3, MSH3, POLD3 and RFC1 expression, TCGA cohort.
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Table 6.6. Clinical and pathological characteristics by MSH3 expression - 
diffuse gastric cancer.
Variable Low expression 

n = 20 (%)
High expression 

n = 20 (%)
P value

Age (years)
- Median
- Range

66.5
36-86

66.0
33-85

0.88*

Gender
- Female
- Male

7 (35)
13 (65)

10 (50)
10 (50)

0.52

Tumour location
- GOJ/Cardia
- Body
- Antrum

3 (15)
15 (75)
2 (10)

2 (10)
12 (60)
6 (30)

0.28

Lymphovascular invasion
- Present
- Absent
- Not documented

11 (55)
5 (25)
4 (20)

11 (55)
7 (35)
2 (10)

0.61

Differentiation
- Moderate
- Poor

5 (25)
15 (75)

7 (35)
13 (65)

0.73

Inflammatory score
- 1
- 2
- 3

14 (70)
5 (25)
1 (5)

9 (45)
8 (40)
3 (15)

0.03

T stage
- T1
- T2
- T3
- T4

2 (10)
1 (5)

16 (80)
1 (5)

1 (5)
3 (15)

16 (80.0)
0 (0)

0.51

N stage
- N0
- N1
- N2
- N3

4 (20)
7 (35)
8 (40)
1 (5)

9 (45)
4 (20)
6 (30)
1 (5)

0.39

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

3 (15)
3 (15)

11 (55)
3 (15)

4 (20)
6 (30)
9 (45)
1 (5) 

0.50

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

4 (20)
2 (10)

14 (70)
0 (0)

2 (10)
4 (20)

12 (60)
2 (10)

0.32

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis
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Table 6.7. Clinical and pathological characteristics by MSH3 expression - 
intestinal gastric cancer.
Variable Low expression 

n = 28 (%)
High expression 

n = 21 (%)
P value

Age (years)
- Median
- Range

70
49-85

63
33-78

0.03*

Gender
- Female
- Male

9 (32.1)
19 (67.9)

5 (23.8)
16 (76.2)

0.75

Tumour location
- GOJ/Cardia
- Body
- Antrum

9 (32.1)
13 (46.4)
6 (21.4)

4 (19.0)
12 (57.1)
5 (23.8)

0.58

Lymphovascular invasion
- Present
- Absent
- Not documented

17 (60.7)
7 (25.0)
4 (14.3)

13 (61.9)
5 (23.8)
3 (14.3)

1.00

Differentiation
- Well
- Moderate
- Poor

0 (0.0)
15 (55.6)
12 (44.4)

1 (5.0)
9 (45.0)

10 (50.0)

0.43

Inflammatory score
- 1
- 2
- 3
- Not documented

9 (32.1)
10 (35.7)
6 (21.4)
3 (10.7)

9 (42.9)
4 (19.0)
6 (28.6)
2 (9.5)

0.61

T stage
- T1
- T2
- T3

3 (10.7)
10 (35.7)
15 (53.6)

3 (14.3)
6 (28.6)

12 (57.1)

0.68

N stage
- N0
- N1
- N2
- N3

10 (35.7)
11 (39.3)
5 (17.9)
2 (7.1)

8 (38.1)
10 (47.6)

2 (9.5)
1 (4.8)

0.82

AJCC stage
- Stage I
- Stage II
- Stage III
- Stage IV

6 (21.4)
10 (35.7)
10 (35.7)

2 (7.1)

6 (28.6)
5 (23.8)
8 (38.1)
2 (9.5) 

0.82

Cause of death
- Not applicable
- Non-gastric cancer
- Gastric cancer
- Not documented

7 (25.0)
2 (7.1)

19 (67.9)
0 (0.0)

11 (52.4)
4 (19.0)
5 (23.8)
1 (4.8)

0.02

Chi-squared test all p-values except * = Wilcoxon rank sum test
Patients undergoing palliative resection, or with M1 disease identified at surgery excluded from 
recurrence analysis
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MSH3 and its impact on survival in GC was not pursued in this thesis, however 
further exploration of loss of expression of MSH3, and loss of function at the 
protein level will be undertaken in the future.  In particular, the exploration 
of whether an EMAST subtype of GC exists, and if it does whether there is an 
association with sensitivity to chemotherapeutics, as this may identify a subset 
of GC patients for whom particular treatments may be more beneficial.

6.4  MISMATCH REPAIR DEFICIENCY IS PROGNOSTIC IN GASTRIC CANCER
GC with a MSI molecular phenotype was first described in the 1990s (Han et 
al. 1993, Peltomaki et al. 1993, Chong et al. 1994, Mironov et al. 1994, Rhyu et 
al. 1994, Seruca et al. 1995, dos Santos et al. 1996, Hayden et al. 1998).  An MSI 
subtype of GC was also identified by the TCGA, encompassing approximately 20% 
of patients in the TCGA cohort, with the majority of patients in the MSI subgroup 
having MLH1 methylation (Figure 1.9) (Cancer Genome Atlas Research Network 
2014).  The clinical applicability of the TCGA GC molecular classifications of GC is 
limited by the lack of outcome data, however previous studies of small cohorts, 
and two meta-analyses have suggested that patients with MSI-H GC tumours may 
have improved survival compared to patients with tumours that are microsatellite 
stable (MSS) (Seruca et al. 1995, Choi et al. 2014, Zhu et al. 2015).  As the MAUGIC 
cohort has robust clinical annotations, including relapse and survival data, I 
sought to explore the clinical and pathological variables associated with the MSI 
subtype of GC.   

Table 6.8.  Expression values of candidate genes by microarray and qRT-
PCR

Gene
MSH3 BAMBI GREM1 GREM2

Affymetrix expression - normalised intensity values
- Median 6.77 6.39 10.54 4.96
- Mean 6.76 6.69 10.18 4.96
- Minimum 5.89 4.52 3.21 3.00
- Maximum 7.65 12.82 12.52 8.17
- Range 1.76 8.3 9.31 4.97
qRT-PCR data - raw CT values
- Median 22.49 24.13 21.95 27.31
- Mean 22.40 23.65 22.47 28.07
- Minimum 19.08 17.98 19.35 23.69
- Maximum 24.55 26.90 29.49 36.49
- Range 5.17 8.92 10.14 12.80
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The sensitivity of immunohistochemistry (IHC) screening including all four well 
recognised MMR proteins, MLH1, PMS2, MSH2 and MSH6 has previously been 
compared to formal MSI testing and was found to have equivalent sensitivity 
in screening for hereditary non-polyposis colorectal cancer (HNPCC) or Lynch 
syndrome (Shia 2008).  As IHC is less expensive than MSI testing, and tissue 
microarrays (TMAs) of formalin fixed tissue from the MAUGIC cohort were 
available, this method was used to examine MMR status. 

6.4.1  Mismatch repair immunohistochemistry identifies 5.8% tumours as 
mismatch repair deficient
IHC staining on TMAs including 230 tumours was performed for MLH1, 
MSH2, MSH6 and PMS2 (see Section 2.5.2), of these 75 (32.6%) tumours had 
uninformative staining.   Twenty one (9.1%) tumour cores had dropped out of 
the TMA for the sections stained with all four proteins, and a further six tumours 
cores were missing for at least two protein stains (2.6%).  Forty eight (20.9%) 
tumours were uninformative on staining for four all proteins, 12 (5.2%) due to 
no tumour being present in the section of the tumour core stained.  A further 36 
(15.7%) tumours had uninformative staining due to other reasons.  For example 
in cases where the tumour core used for the TMA has come from the centre of a 
large gastric specimen, its fixation by formalin may be poor and this may impact 
on the quality of the staining.

Of the 155 remaining tumours that had informative staining, seven (4.5%) were 
MLH1/PMS2 deficient (Figure 6.7) and two (1.3%) were MSH2/MSH6 deficient 
(Figure 6.8), giving a total of nine (5.8%) MMR deficient tumours.  This is a lower 
proportion that would be expected based on the literature, with the lowest 
percentage of MSI-H tumours in the publications included in two meta-analyses 
exploring survival for GC being 8.5% (An et al. 2012, Choi et al. 2014, Zhu et 
al. 2015).  Some potential reasons behind this low number include the MAUGIC 
cohort having a lower proportion of patients with GC associated with MMR 
deficiency than has previously been reported in the literature.  A more likely 
scenario is that the uninformative cases, where there was very weak staining of 
internal controls, included tumours with true MMR deficiency, however, because 
of cost constraints we were unable to perform MMR staining on full sections for 
all cases with uninformative staining. 
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Figure 6.7.  Representative x200 IHC images of MLH1/PMS2 deficient 
tumour.
A) MLH1; B) PMS2; C) MSH2; D) MSH6.
Positive staining of normal glands and lymphocytes seen with MLH1 (A) and PMS2 (B) with 
absence of staining in malignant glands.  Positive staining of malignant and non-malignant cells 
with MSH2 (C) and patchy positive staining of malignant and non-malignant cells in MSH6 (D).

A B

C D
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Figure 6.8.  Representative x200 IHC images of MSH2/MSH6 deficient 
tumour.
A) MLH1; B) PMS2; C) MSH2; D) MSH6.
Positive staining of malignant and non-malignant cells seen with MLH1 (A) and PMS2 (B).  
Positive staining of lymphocytes with absence of staining of malignant glands with MSH2 (C) and 
MSH6 (D).
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6.4.2  Gene expression and immunohistochemistry identifies 10.4% tumours as 
mismatch repair deficient
In an effort to determine whether MMR deficient cases were being missed 
in the MAUGIC cohort, gene expression levels of MLH1, MSH2 and MSH6 were 
investigated in the subset of tumours with microarray data.  Expression levels of 
PMS2 were not examined using microarray gene expression data as the probeset 
for PMS2 is not specific due to the existence of a number of known pseudogenes 
(Nicolaides et al. 1995, Chalifa-Caspi et al. 2004).

Initially, the expression density plots for MLH1, MSH2 and MSH6 were examined 
to determine whether the distribution of gene expression could identify a subset 
of patients with loss of expression (Figure 6.9).  For MLH1 there was an obvious 
left skew of the expression density plot, giving the ability to identify tumours 
with low expression (Figure 6.9.A).  This skew was not apparent for MSH6 and 
a much smaller left skew was identified in the MSH2 expression density plot 
(Figure 6.9.B and C).  The TCGA cohort was explored using cBioPortal to examine 
the proportion of patients with decreased expression and mutation in MLH1, 
MSH2 and MSH6 as a method of assessing the expected proportion of patients 
with genomic loss of expression in a GC cohort (Cerami et al. 2012, Gao et al. 
2013).  Using a Z-score (see Section 2.3.2) threshold of 1.2, 33 tumours  (11.2%) 
had decreased expression of MLH1, 20 (6.8%) had decreased expression of 
MSH2 and 16 (5.4%) had decreased expression of MSH6.  Of the 16 tumours with 
loss of MSH6 expression, 12 also had loss of MSH2.  No tumours had decreased 
expression of MLH1 and concurrent decreased expression of MSH2 or MSH6.  
This suggested that including tumours with loss of MLH1 or MSH2 expression 
would identify the majority of tumours that also had loss of MSH6 expression.

Of the nine tumours deficient in MMR expression by IHC in the MAUGIC cohort, 
three also had gene expression data available, two of the MLH1/PMS2 negative 
tumours and one of the MSH2/MSH6 negative tumours.  The two MLH1/PMS2 
negative tumours had gene expression values for MLH1 of 6.9 and 7.8 falling in 
the left skew of the MLH1 expression density plot (Figure 6.9.A).  The tumour with 
deficient IHC staining for MSH2/MSH6 had a gene expression value for MSH2 
of 4.8, within the left tail of the MSH2 expression density plot (Figure 6.9.B).  A 
gene expression level of 8 was identified as the upper limit for loss of expression 
of MLH1, and 5.5 for loss of expression of MSH2.  Tumours with expression 
levels below these cut offs were included as part of the MMR deficient cohort, 
identifying eight additional patients, five with loss of MLH1 expression and 
three with loss of MSH2 expression, giving a total of 17 (10.4%) MMR deficient 
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patients, a proportion that is still at the lower end of the reported incidence of 
MMR deficient GC in the literature (Choi et al. 2014, Zhu et al. 2015).

6.4.3 Mismatch repair status is prognostic in gastric cancer
The clinical characteristics of MMR deficient and MMR stable patients are given 
in Table 6.9.  MMR deficient tumours were less likely to occur in the gastro-
oesophageal junction (GOJ), compared to MMR stable tumours (18% MMR 
deficient vs 45% MMR stable, p = 0.04).  Although not statistically significant, 
the proportion of patients with node negative cancers was higher in patients 
with MMR deficient tumours compared to those with MMR stable tumours 
(65% vs 33%, p = 0.08), consistent with the findings that MMR deficiency in 
CRC is more common in lymph node negative disease (Sinicrope and Sargent 
2012).  Examining the characteristics of patients determined to have MMR 
deficient tumours by loss of gene expression on microarray data and/or protein 
expression on IHC, the clinical characteristics were similar, particularly in the 
proportion of patients with tumours in the GOJ (22% IHC deficient vs 18% IHC 
and expression deficient) and that were node negative (67% IHC deficient vs 
65% IHC and expression deficient).  This suggests that the identification of MMR 
deficient patients based on gene expression levels of MLH1 and MSH2 identified 
tumours with similar clinical phenotypes to those tumours with MMR deficiency 
from protein expression. 

Personal and family history of additional malignancies was examined, and did 
not identify a difference between patients with MMR deficient and MMR stable 
tumours (family history of malignancy MMR deficient 41% vs MMR stable 
41%, p = 1.00) (Table 6.9).  This suggests that the tumours identified as MMR 
deficient are likely to be sporadic, rather than occurring as part of a cancer pre-
disposition syndrome, such as Lynch syndrome.  The similar age distribution of 
MMR deficient and MMR stable patients is also consistent with this (median age 
MMR deficient 68 years vs 69 years MMR stable, p = 0.64).



230

Table 6.9. Clinical and pathological characteristics by mismatch repair 
status.

MMR 
deficient 

IHC (n = 9)

MMR 
deficient 

IHC + 
expression 

(n = 17)

MMR stable
(n = 146)

p value for 
deficient 

IHC + 
expression 

vs stable
Gender 7 male 

(78%)
11 male 
(65%)

99 male 
(68%)

1.00

Age (median) 70 years 68 years 69 years 0.64*
Tumour location
- GOJ
- Body
- Antrum/pylorus

2 (22%)
5 (56%)
2 (22%)

3 (18%)
12 (71%)
2 (12%)

65 (45%)
56 (38%)
25 (17%)

0.04

Lauren 
classification
- Diffuse
- Intestinal
- Mixed
- Adenocarcinoma

1 (11%)
5 (56%)
1(11%)
2 (22%)

3 (18%)
10 (59%)
2 (12%)
2 (12%)

38 (26%)
53 (36%)
15 (10%)
40 (27%)

0.27

T stage
- T1
- T2
- T3
- T4
- Not documented

0 (0%)
2 (22%)
7 (78%)
0 (0%)
0 (0%)

1 (6%)
4 (24%)

12 (71%)
0 (0%)
0 (0%)

19 (13%)
33 (23%)
89 (61%)

2 (1%)
3 (2%)

0.84

N stage
- N0
- N1
- N2
- N3
- Not documented

6 (67%)
2 (22%)
0 (0%)

1 (11%)
0 (0%)

11 (65%)
5 (29%)
0 (0%)
1 (6%)
0 (0%)

48 (33%)
60 (41%)
27 (19%)

8 (6%)
3 (2%)

0.08

AJCC stage (6th 
edition)
- I
- II
- III
- IV
- Not documented

2 (22%)
4 (44%)
2 (22%)
1 (11%)
0 (0%)

5 (29%)
6 (35%)
5 (29%)
1 (6%)
0 (0%)

29 (20%)
41 (28%)
61 (42%)
12 (8%)
3 (2%)

0.74

Personal history 
of cancer1 2 (22%) 2 (11%) 16 (11%) 1.00
Family history of 
cancer2 5 (56%) 7 (41%) 60 (41%) 1.00

Chi-squared test all p values except * = Wilcoxon rank sum test
1Excluding pre-malignant lesions (1 DCIS, 1 colonic polyp), and self reported “skin cancer”
2First or second degree relative only
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Patients with MMR deficient tumours had lower rates of recurrence and death 
from GC compared to MMR stable tumours (Table 6.10).  Examining survival by 
MMR status, patients with MMR deficient tumours had improved overall survival 
(OS), cancer specific survival (CS) and PFS compared to MMR stable tumours 
(Table 6.11, Figure 6.10).  Multivariate analysis, including age, AJCC stage (divided 
as stage I, II, III and IV), and Lauren classification, the variables associated with 
survival as described in Chapter 3, showed that MMR status was an independent 
predictor of survival (HR for CS for MMR deficient GC 0.32, 95% CI 0.11-0.92).  
The multivariate analysis results for CS are presented in Table 6.12.    

Table 6.10.  Outcome by mismatch repair status.
MMR 

deficient 
IHC (n = 9)

MMR 
deficient 

IHC + 
expression 

(n = 17)

MMR stable
(n = 146)

p value for 
deficient IHC 
+ expression 

vs stable

Recurrence
- No
- Yes
- Not applicable*

7 (77%)
1 (11%)
1 (11%)

13 (76%)
3 (18%)
1 (6%)

49 (34%)
95 (65%)

2 (1%)

0.0007

Deceased
- No
- Yes

6 (66%)
3 (33%)

10 (59%)
7 (41%)

39 (27%)
107 (73%)

0.01

Deceased from 
GC 2 (22%) 4 (24%) 94 (64%) 0.003

* Palliative resections

Table 6.11.  Univariate survival analyses by mismatch repair status.
Hazard ratio 95% CI Log rank test 

p value
Overall survival
- MMR stable
- MMR deficient

1
0.44

-
0.20-0.94 0.03

Cancer specific survival
- MMR stable
- MMR deficient

1
0.29

-
0.11-0.78 0.009

Progression free survival
- MMR stable
- MMR deficient

1
0.38

-
0.15-0.92 0.03
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Figure 6.10.  Survival by mismatch repair status
A) Overall survival; B) Cancer specific survival; C) Progression free survival.
MMR deficient n = 17, MMR stable n = 146.
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Table 6.12.  Multivariate analysis for cancer specific survival including age, 
AJCC stage, Lauren classification and mismatch repair status

Hazard ratio 95% confidence 
interval

Log rank test 
p value

Age 1.03 1.01-1.05 0.005
Lauren classification
- Intestinal
- Diffuse
- Mixed
- Adenocarcinoma NOS

1
2.32
2.07
3.05

-
1.34-4.02
1.06-4.05
1.70-5.47

-
0.003
0.03

0.0002
AJCC stage
- I
- II
- III
- IV

1
2.65
4.64

13.04

- 
1.27-5.53
2.26-9.52

5.47-31.10

-
0.009

<0.001
<0.001

MMR status
- MMR stable
- MMR deficient

1
0.32

-
0.11-0.92

-
0.03

The small numbers of patients with MMR deficient tumours in the MAUGIC cohort 
limit the ability to investigate sensitivity to chemotherapeutics, and observations 
only can be made by reviewing the response to therapy in individual patients.  Four 
patients with MMR deficient tumours received neoadjuvant therapy, two of whom 
also received adjuvant therapy.  One patient received adjuvant chemoradiotherapy 
having not received neoadjuvant therapy.  Short case summaries of these patients 
are described in Box 6.1.  Whether MMR deficient GC is sensitive to currently used 
chemotherapeutics remains an unanswered question, and needs to be examined 
in a much larger cohort, ideally in a prospective manner. 

6.4.4  Mismatch repair deficient gastric cancer is associated with a higher 
inflammatory score 
MMR deficient CRC tumours are known to have higher numbers of tumour 
infiltrating lymphocytes (TILs), and in some series, MMR deficient GC tumours 
have been associated with a more prominent inflammatory reaction (dos Santos 
et al. 1996, Kim et al. 2011, Sinicrope and Sargent 2012).  High TIL count has 
been found to be an independent predictor of survival in at least one series of GC 
cases (Grogg et al. 2003). The association of MMR deficiency and inflammatory 
score, and the impact on survival was therefore examined in the MAUGIC cohort.  
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Box 6.1.  Mismatch repair deficient gastric cancer case reports

Case summaries:
Patient 1: 79 years old at diagnosis, presented with a five month history of weight loss, decreased 
appetite, epigastric pain and malaena, and was found to have an IGC in the body of the stomach.  
Underwent neoadjuvant radiotherapy without chemotherapy, pathological staging was ypT3N0 
(AJCC 6th edition), with a total of six lymph nodes identified in the surgical specimen.  Recurrence 
was documented 22 days post surgery in supraclavicular lymph nodes, suggesting distant disease 
was present at the time of surgery.  No additional cancer directed therapy was received until a greater 
burden of distant disease was identified more than two years post surgery on fluorodeoxyglucose 
positron emission tomography (FDG-PET) scan, after which the patient received approximately five 
months of 5-fluorouracil (5-FU) chemotherapy before progression was documented.  This patient 
died over three and a half years after their GC surgery, from GC.

Patient 2: 57 years old at diagnosis, presented with anaemia and dysphagia of unknown duration,  and 
was found to have an IGC at the cardia.  Received doxorubicin, 5-FU and carboplatin chemotherapy 
neoadjuvantly, although the number of cycles administered is not known.  Pathological staging 
was ypT3N1, with 4 of 19 resected lymph nodes positive.  Adjuvantly, this patient was treated with 
chemoradiotherapy, 50 Gray in 25 fractions with concurrent 5-FU.  Recurrence was documented over 
two years post surgery, in mediastinal lymph nodes on CT scan, and locally at gastroscopy.  One cycle 
only of palliative doxorubicin, 5-FU and carboplatin was administered, this patient died from GC 52 
days after the diagnosis of recurrence.

Patient 3: 53 years old at diagnosis, presented with weight loss, malaena, anorexia and epigastric 
pain of unknown duration, and was found to have an IGC in the luminal surface of the stomach with 
possible infiltration into the pancreas.  Received three cycles of epirubicin, cisplatin and 5-FU (ECF) in 
the neoadjuvant setting, and then because of poor response to chemotherapy on restaging FDG-PET 
went onto receive radiotherapy of 45 Gray in 25 fractions with infusional 5-FU, after which a partial 
metabolic response was identified on FDG-PET.  Pathological staging was ypT2N0, with 12 lymph 
nodes identified in the surgical specimen.  This patient remains alive, with no evidence of recurrence 
more than ten years after surgery.

Patient 4: 74 years old at diagnosis, presented with a six month history of dysphagia and was found to 
have a GC at the cardia.  Neoadjuvantly two cycles of carboplatin and 5-FU were given.  Pathological 
staging was ypT3N0, with 12 lymph nodes identified in the surgical specimen.  This patient received 
further adjuvant chemotherapy, although the regimen and amount received is not documented.  This 
patient had no evidence of recurrence over two years post surgery.

Patient 5: 70 years old at diagnosis, presented with a more than one year history of weight loss, 
anaemia and reflux, and was found to have a DGC in the body of the stomach.  No preoperative 
therapy was administered, pathological staging was T3N1, with one of twenty lymph nodes positive 
for malignancy.  Adjuvantly one cycle of ECF, followed by radiotherapy of 45 Gray in 25 fractions with 
infusional 5-FU, followed by two further cycles of ECF chemotherapy was administered.  There was no 
evidence of recurrence over two and a half years post surgery.

Observations:  
All of the patients with MMR deficient tumours who received neoadjuvant therapy had residual tumour 
at the time of surgery, suggesting incomplete response to therapy at best.  Patient 1 who received 
infusional 5-FU as a palliative treatment had a slow progression of their disease over two years 
prior to commencing chemotherapy,  that the chemotherapy continued for five months is suggestive 
of some benefit however.  Patient 3 had minimal benefit to chemotherapy alone neoadjuvantly, as 
assessed by metabolic response on FDG-PET scan, but documented metabolic response to combined 
chemoradiotherapy, and remains alive 10 years post surgery, suggesting some benefit to combination 
therapy.  However, Patient 2’s case shows this benefit may not be universal, as despite receiving 
neoadjuvant chemotherapy and adjuvant chemoradiotherapy, they had documented local and distant 
recurrence just over two years post surgery.  Whether Patient 4 and 5 have received benefit from 
their neoadjuvant and/or adjuvant therapies or would still have been recurrence free two years after 
surgery is unknown.  

These cases highlight the difficulties in examining response to treatment on an individual basis, but 
do suggest that response of MMR deficient GC to currently used chemotherapeutics is at best partial, 
and should be explored further.
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A simple inflammatory score performed on haematoxylin and eosin (H&E) 
slides, previously published in oesophageal cancer and CRC is available for 
the MAUGIC cohort (Klintrup et al 2005, Dutta et al 2012).  The results of the 
inflammatory scoring (IS) (see Section 2.5.1) for the 235 patients of the MAUGIC 
cohort for which H&E slides were available are given in Table 6.13.   More than 
80% of tumours had an IS of 1 or 2, and approximately 80% of tumours had 
a predominant lymphocytic infiltrate.  Over two thirds of tumours had a low 
desmoplasia score of 0 or 1.

Total 235 (%)

Inflammatory score
- 0
- 1
- 2
- 3

1 (0.4)
109 (46.4)
85 (36.2)
40 (17.0)

Chronicity
- Acute and chronic
- Chronic

158 (67.2)
76 (32.3)

Predominant cell type
- Eosinophils
- Lymphocytes
- Neutrophils
- Plasma cells

1 (0.4)
184 (78.3)
37 (15.7)
12 (5.1)

Ulceration
- Present
- Absent

104 (44.2)
130 (55.3)

Desmoplasia score
- 0
- 1
- 2
- 3

73 (31.1)
108 (46.0)
48 (20.4)

6 (2.6)

Table 6.13.  Inflammatory score description

Two patients for which data on MMR status was available did not have data on IS 
available, leaving 161 patients for whom both information on MMR status and IS 
was available, 16 were MMR deficient by IHC and gene expression, and 145 were 
MMR stable.  MMR deficient tumours had a higher IS compared to MMR stable 
tumours (IS 3 43.8% MMR deficient vs IS 3 15.2% MMR stable, p = 0.02) (Table 
6.14).  Representative images of a MLH1/PMS2 deficient tumour with IS of 3 
are given in Figure 6.11.  There was no difference in the chronicity of reaction, 
the predominant cell type, the desmoplasia score or the presence of ulceration 
between MMR deficient and MMR stable tumours.  
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Table 6.14. Inflammatory score by mismatch repair status.
MMR 

deficient IHC 
(n = 9)

MMR 
deficient IHC 
+ expression 

(n = 16)

MMR stable
(n = 145)

p value for 
deficient 
vs stable

Inflammatory score
- 1
- 2
- 3

1 (11.1%)
3 (33.3%)
5 (55.6%)

5 (31.2%)
4 (25.0%)
7 (43.8%)

67 (46.2%)
56 (38.6%)
22 (15.2%)

0.02

Chronicity
- Acute and chronic
- Chronic

8 (88.9%)
1 (11.1%)

14 (87.5%)
2 (12.5%)

100 (69.0%)
45 (31.0%)

0.21

Predominant cell type
- Eosinophils
- Lymphocytes
- Neutrophils
- Plasma cells

0 (0.0%)
7 (77.8%)
2 (22.2%)
0 (0.0%)

0 (0.0%)
12 (75.0%)
4 (25.0%)
0 (0.0%)

1 (0.7%)
114 (78.6%)
21 (14.5%)

9 (6.2%)

0.54

Ulceration
- Present
- Absent

3 (33.3%)
6 (66.7%)

7 (43.8%)
9 (56.2%)

68 (46.9%)
77 (53.1%)

1.00

Desmoplasia score
- 0
- 1
- 2
- 3

3 (33.3%)
5 (55.6%)
0 (0.0%)

1 (11.1%)

4 (25.0%)
11 (68.8%)

0 (0.0%)
1 (6.2%)

46 (31.7%)
65 (44.8%)
30 (20.7%)

4 (2.8%)

0.12

Associations of IS with prognostic clinical variables for the MAUGIC cohort are 
given in Table 6.15.  There was no difference in age or stage groupings by IS, but 
the proportion of IGC and mixed GC tumours increased as inflammatory score 
increased, and the proportion of DGC tumours decreased.

Table 6.15.  Clinical associations of numerical inflammatory score
Inflammatory score p value

1 2 3
Median age (years) 67 70 63 0.47
Age range (years) 33-83 32-95 33-82
Lauren classification
- Diffuse
- Intestinal
- Mixed
- Adenocarcinoma NOS

38 (35.8%)
34 (32.1%)

8 (7.5%)
26 (24.5%)

22 (27.8%)
30 (38.0%)
8 (10.1%)

19 (24.1%)

4 (10.3%)
18 (46.2%)
8 (20.5%)
9 (23.1%)

0.04

AJCC stage
- 0
- I
- II
- III
- IV

2 (1.9%)
21 (20.2%)
27 (26.0%)
44 (42.3%)
10 (9.6%)

1 (1.3%)
12 (15.2%)
32 (40.5%)
29 (36,7%)

5 (6.3%)

0 (0.0%)
7 (17.9%)
9 (23.1%)

22 (56.4%)
1 (2.6%)

0.28
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Figure 6.11.  Representative x200 IHC images of MLH1/PMS2 deficient 
inflammatory score 3 tumour.
A) MLH1; B) PMS2; C) MSH2; D) MSH6.
Positive staining of normal glands and lymphocytes seen with MLH1 (A) and PMS2 (B) with 
absence of staining in malignant glands.  Patchy positive staining of malignant and non-malignant 
cells with MSH2 (C) and MSH6 (D).

A B

C D
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Table 6.16.  Univariate survival analyses based on inflammatory score.
Hazard ratio 95% CI Log rank test 

p value
Overall survival
- IS 1
- IS 2
- IS 3

1
1.14
0.49

-
0.81-1.59
0.30-0.81

0.004

Cancer specific survival
- IS 1
- IS 2
- IS 3

1
1.22
0.53

-
0.85-1.76
0.30-0.91

0.01

Progression free survival
- IS 1
- IS 2
- IS 3

1
1.22
0.55

-
0.85-1.76
0.32-0.95

0.02

The impact of IS on survival was examined.  For this analysis, as only one patient 
had an IS of 0, this patient was included in the IS score 1 grouping.  The results 
of the univariate survival analysis for OS, CS and PFS are given in Table 6.16, 
and Kaplan-Meier curves in Figure 6.12.  In all survival analyses, IS 3 showed 
improved survival over IS 1 or 2.  

Higher IS is associated with MMR deficient GC and IGC, both variables which 
are associated with improved prognosis (Tables 6.14 and 6.15), therefore 
multivariate analysis was performed to assess whether IS remained prognostic 
when these other variables are included in the model.  As age at surgery and AJCC 
stage are also prognostic, these variables were also included in the multivariate 
model (Table 6.17).  In this multivariate model IS was no longer significant, 
however MMR status remained significant with IS included in the model, with 
patients with MMR deficient tumours having improved survival (MMR deficient 
HR 0.27, 95% CI 0.08-0.92).  
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Figure 6.12.  Survival by inflammatory score
A) Overall survival; B) Cancer specific survival; C) Progression free survival.
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Table 6.17.  Multivariate analysis for cancer specific survival including age, 
AJCC stage, Lauren classification, mismatch repair status and inflammatory 
score.

Hazard ratio 95% confidence 
interval

Log rank test 
p value

Age 1.02 1.00-1.04 0.03
Lauren classification
- Intestinal
- Diffuse
- Mixed
- Adenocarcinoma NOS

1
2.14
2.13
2.83

-
1.21-3.77
1.08-4.22
1.56-5.15

-
0.008
0.03

<0.001
AJCC stage
- I
- II
- III
- IV

1
2.54
4.82

11.87

- 
1.21-5.34
2.34-9.93

4.88-28.93

-
0.01

<0.001
<0.001

MMR status
- MMR stable
- MMR deficient

1
0.27

-
0.08-0.92

-
0.04

Inflammatory score
- 1
- 2
- 3

1
0.92
0.55

-
0.58-1.45
0.28-1.10

-
0.71
0.09

6.5  DISCUSSION
MSI has been implicated in the pathogenesis of some GCs from the 1990s, and 
more recently a distinct MSI subset of GC was identified by the TCGA (Han et 
al. 1993, Peltomaki et al. 1993, Chong et al. 1994, Mironov et al. 1994, Rhyu et 
al. 1994, Seruca et al. 1995, dos Santos et al. 1996, Hayden et al. 1998, Cancer 
Genome Atlas Research Network 2014).  As yet however, the identification of this 
subtype has not led to clinical assessment of MSI or MMR status for prognostic 
purposes or to guide treatment for GC.  This analysis explored the clinical and 
pathological variables associated with the MMR deficiency in GC, as well as the 
prognostic impact of MMR status, and identified MMR status as independently 
prognostic in GC. 

The MMR KEGG pathway was identified as being up-regulated in IGC compared to 
normal gastric tissue, and in IGC compared to DGC.  Higher expression of the MMR 
pathway in cancerous tissues compared to non-malignant tissue is the opposite 
of what would be expected if a large number of the cancers were caused by loss 
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of expression MMR pathway components.  Consistent with this, the MSI subtype 
of GC accounted for only 20% of GCs in the TCGA cohort, the majority of which 
were associated with silencing of MLH1, and only 10% of cases were identified 
as MMR deficient in the MAUGIC cohort (see Section 6.4.2) (Cancer Genome Atlas 
Research Network 2014).  Upregulation of the MMR pathway in IGC compared 
to non-malignant tissue likely reflects the inter-tumoural heterogeneity of GC, 
and that the proportion of cases with loss of expression of components of the 
pathway is low.  Of note in the pathway graphs (Figure 6.1) MLH1 is not shown 
to be significantly down-regulated, this is consistent with the low proportion of 
patients in the MAUGIC cohort with loss of MLH1 by IHC or gene expression, and 
consistent with IGC being molecularly heterogeneous.  Upregulation at the gene 
expression level of DNA repair pathways, including the MMR pathway have been 
identified in other cancers including triple negative breast cancer (Ossovskaya et 
al. 2011).  This upregulation is potentially related to the genomic instability seen 
in cancer, and therefore a consequence, not a cause of the genomic disruption, 
reflecting the genomes attempt at repair.  Consistent with the theory that 
genotoxic stress upregulates MMR gene expression, upregulation of MLH1 and 
PMS2 has been identified in human fibroblasts after treatment with cisplatin 
(Chen and Sadowski 2005). 

Expression of four individual genes from the MMR pathway were identified as 
prognostic on the survival analysis (Table 4.12).  Loss of expression of MSH3 was 
associated with poorer survival in IGC and showed borderline significance in 
DGC; loss of expression of RFC1 was associated with poorer survival in IGC; loss 
of expression of MLH3 was associated with poorer survival in DGC; and increased 
expression of POLD3 was associated with poorer survival in DGC (Tables 6.2-5, 
Figure 6.3).  As these genes are involved in DNA repair, alteration in their function 
could potentially contribute to the initiation and progression of malignancy.  This 
is particularly the case for MSH3, with the known association of loss of MSH3 
expression and nuclear heterogeneity of MSH3 with the EMAST subtype of CRC 
(Haugen et al. 2008, Lee et al. 2010).  EMAST is associated with poorer relapse 
free survival in stage II and III CRC when compared to MSS non-EMAST CRC 
(Garcia et al. 2012).  The poorer survival seen with loss of MSH3 expression in 
the MAUGIC cohort could potentially be related to the identification of an EMAST 
subtype of GC, and this will be explored in the future.  

MSH3 expression levels did not validate in a cross platform comparison of HG-
U133+2.0 array data with qRT-PCR in a subset of the MAUGIC cohort.  As noted 
above, the small dynamic range of expression in the expression values from both 
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platforms make grouping tumours into high and low expression groups more 
prone to error.  This small dynamic range is thought to be the likely reason 
behind the lack of correlation across platforms.  Other potential explanations 
as to the lack of concordance of high and low MSH3 expression groups include 
the sensitivity and specificity of the microarray probes and qRT-PCR primer 
pairs, and alternate splice variants.  MSH3 is identified by three probesets on the 
Affymetrix HG-U133+2.0 arrays, and the probeset with the highest expression 
which was used for this analysis (210947_s_at) has a reported sensitivity and 
specificity of 1, suggesting non-specific or cross hybridisation of transcripts from 
other genes is less likely to be contributing to expression identified as being from 
MSH3 (Chalifa-Caspi et al. 2004).  The sequences of both MSH3 primer pairs for 
qRT-PCR (Table 2.3) when blasted give only MSH3 as potential products, again 
suggesting that expression of alternate genes are not being identified by these 
primer pairs (Ye et al. 2012).  Concordance between the results from both MSH3 
primer pairs is also reassuring of specificity of these primers.  MSH3 consists of 
24 exons, with two major transcripts due to two polyadenylation sites (Watanabe 
et al. 1996).  A nine base pair repeat polymorphism has been identified in exon 1, 
which can result in altered protein structure, but with a conserved reading frame 
(Nakajima et al. 1995).  The MSH3 primer pair published by Li et al maps to exon 
5, and the designed MSH3 primer pair to exon 2.  The ability of these primers 
to identify MSH3 transcripts is unlikely to be affected by the variants described 
above, however it is possible that alternate splice sites could potentially affect 
recognition and contribute to the lack of concordance of expression groups 
across platforms. 

The association of loss of MSH3 expression with the EMAST subtype of CRC, the 
potential predictive marker of this molecular subtype for efficacy of platinum 
based treatments and PARP inhibitors, and the previous identification of 
instability at tetranucleotide repeats in GC makes MSH3 in particular an attractive 
candidate to investigate in the future, as a potential prognostic and predictive 
marker for GC patients (Pinto et al. 2008, Takahashi et al. 2011, Watson et al. 
2014, Carethers et al. 2015).

Assessment of MSI status in GC is not currently routinely performed in clinical 
practice.  This is despite the identification of MSI GC in the 1990s, the suggestion 
of the beneficial prognosis of MMR deficient GC in two meta-analyses, and 
the existence of methods of assessment already used routinely in the clinical 
management of CRC (Peltomaki et al. 1993, Choi et al. 2014, Zhu et al. 2015).  As 
the MAUGIC cohort has robust outcome data, this gives the ideal opportunity 
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to assess MMR status and the impact on patient survival, acknowledging that 
because of small numbers a full assessment of clinical characteristics of MMR 
deficient GC was unlikely to be made.

The proportion of tumours identified as MMR deficient by IHC in the MAUGIC 
cohort is lower than the published prevalence of MMR deficiency or MSI in most 
cohorts.  This could be because in this predominantly Western European and 
Australian cohort there is truly a lower proportion of MMR deficient GCs than 
in other published cohorts, or it could be related to the method of assessment of 
MMR status, using IHC staining for the four MMR proteins on TMAs.  Performing 
IHC on TMAs has a number of benefits, including decreased costs and efficient use 
of valuable tissue resources, but can present a number of problems.  Of the 230 
tumours on the TMA, only 155 (67.4%) were evaluable due to drop out from the 
TMA (11%), or uninformative staining (20%).  In many cases the uninformative 
staining was thought to be due to poor fixation, as in large specimens formalin 
fixation can be patchy.  Performing staining on full face sections may have 
increased the pick up rate, but as the tissue available for each patient is limited 
to the blocks available, issues with fixation may not be bypassed by using full 
sections.  If staining was uninformative due to lack of positive internal control, 
such as positively staining lymphocytes or non-malignant tissues, or due to 
small numbers of malignant cells in the specimen on the TMA the use of full 
sections may have increased the number of evaluable cases.   Equally the use of 
microsatellite markers, for example the National Cancer Institute (NCI) 5 markers 
used clinically to assess MSI in CRC, may have identified additional patients.  An 
investigation of the sensitivity of four antibody IHC and MSI testing to identify 
germline mutations in MLH1, MSH2, MSH6 and PMS2 found the methods had a 
similar sensitivity, but that both methods could identify cases missed by the other 
method (Shia 2008).  This suggests that formal MSI testing could be additive, but 
not necessarily a better method, of assessing MMR status in GC.  Assessing MMR 
status with MSI testing is more expensive, hence the initial screen using IHC on 
TMAs.

In an effort to identify MMR deficient cases not included on the TMA, the 
expression of MLH1 and MSH2 were examined with the aim of identifying tumours 
with deficient MMR via loss of expression of one of these genes.  Although this 
is not a recognised method of examining for MMR deficiency, the majority of 
MSI-H GC cases in the TCGA GC cohort were identified as having MLH1 silencing, 
and the majority of sporadic MSI-H CRC is associated with methylation of MLH1 
(Sinicrope and Sargent 2012, Cancer Genome Atlas Research Network 2014).  
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At the gene expression level this would be manifested by loss of expression, 
suggesting this is a reasonable method of assessment.  The expression density 
plot of MSH2 has a much less pronounced left skew than that of MLH1, and 
therefore patients identified as MMR deficient based on low MSH2 expression 
alone have a greater potential to have been falsely classified.  It is reassuring that 
the clinical characteristics of patients with tumours identified as MMR deficient 
by IHC alone are similar to those identified as MMR deficient by expression and 
IHC, but it has to be acknowledged that this method of assessment is not routine, 
nor validated, and may be subject to error. 

Despite the small numbers of MMR deficient patients in this cohort, some 
characteristics of MMR deficient tumours were identified in addition to its 
prognostic impact (Table 6.9).  As has previously been described in other GC 
cohorts, in the MAUGIC cohort MMR deficient tumours were less likely to be 
located proximally compared to MMR stable tumours (Falchetti et al. 2008, Corso 
et al. 2009, Oki et al. 2009, Seo et al. 2009, Kim et al. 2011, An et al. 2012, Bae 
et al. 2015, Mathiak et al. 2015).  Although not significant, a higher proportion 
of MMR deficient tumours were IGC compared to MMR stable tumours (59% vs 
36%, p = 0.27), and a higher proportion of MMR deficient tumours were node 
negative (65% vs 33%, p = 0.08), again consistent with published findings (dos 
Santos et al. 1996, Grogg et al. 2003, Beghelli et al. 2006, Falchetti et al. 2008, 
Corso et al. 2009, Seo et al. 2009, Kim et al. 2011, An et al. 2012, Bae et al. 2015, 
Mathiak et al. 2015).  Other cohorts have also noted associations of MSI status 
with age and gender (Grogg et al. 2003, Beghelli et al. 2006, Corso et al. 2009, 
Oki et al. 2009, Seo et al. 2009, Kim et al. 2011, An et al. 2012).  There were no 
apparent differences in the MAUGIC cohort between patients with MMR deficient 
and stable tumours by gender or age.  Unfortunately, the small numbers of 
patients identified as having MMR deficient tumours in the cohort meant that any 
investigation on the effect of MMR status on sensitivity to chemotherapeutics, or 
the influence on the interaction of stage and MMR status could not be performed.  
As seen in the clinical trials in CRC, addressing whether MMR deficient tumours 
are sensitive to 5-FU based chemotherapy is challenging because of the relatively 
small proportion of MMR deficient cases (Ribic et al. 2003, Sargent et al. 2010).  
This is particularly the case when other prognostic variables, such as stage, need 
to be taken into account, and a much larger cohort will be required to explore 
this further in GC.  

Two variables of note that showed no difference between MMR stable and MMR 
deficient tumours were the proportion of patients who reported a personal 
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or family history of cancer.  These were self-reported variables, and therefore 
are subject to bias, but suggest that the patients with MMR deficient tumours 
identified in this cohort are sporadic in nature, and not associated with a genetic 
syndrome, such as Lynch syndrome. 

Different clinical and pathological associations of MMR deficient GC have been 
identified in different published cohorts.  One of the potential reasons behind 
this relates to the size of the cohorts examined, with the largest being 1,990 
patients published by An et al in 2012, of which 170 (8.5%) were identified as 
being MSI-H, and the smallest being 61, published in 1996 by dos Santos et al, 
where 21 (34.4%) tumours were determined to be MSI-H (dos Santos et al. 1996, 
An et al. 2012).  These two cohorts highlight another variable that needs to be 
taken into consideration when discussing the reported clinical and pathological 
phenotypes associated with MMR deficient GC, being the heterogeneity of the 
methods used to assess and define MMR status.  These include IHC for two to 
four of the MMR proteins, and varying numbers of mono and dinucleotide MSI 
markers, with varying cut offs to determine MSI.  This variability in assessment 
may be why there is such a range in proportion of patients reported to have 
MSI-H or MMR deficient tumours in different cohorts.  The differences equally 
could relate to the prevalence of this subtype of GC in the population examined.  
Consensus on what defines MMR deficient or MSI-H GC needs to be reached for 
this to be a clinically useful and reproducible marker for GC, and to identify the 
true clinical associations with this subtype of GC.  

Like MMR deficient CRC, MMR deficient GC has been associated with a more 
pronounced inflammatory infiltrate, which itself has been associated with 
improved survival in GC, therefore this was also examined in the MAUGIC cohort 
(Nakamura et al. 1994, dos Santos et al. 1996, Grogg et al. 2003, Kim et al. 2011).  
The IS was examined simply using H&E sections without the use of additional 
stains.  This is an assessment that could easily be added to current pathological 
assessments for GC without a large increase in expense, or the requirement 
for additional IHC stains.  This method, however, means that an assessment of 
specific types of inflammatory cells beyond what are identifiable on H&E is not 
possible.  Also, as for most tumours the score was performed on a single section, 
variability in the degree of inflammation within a tumour could not be assessed.  
As not all sections showed the invasive front of the tumour, the impact on 
where inflammation was occurring could also not be commented on.  To try and 
minimise the effect of these limitations, the IS was taken at the area of highest 
inflammation away from any ulceration that was present in the section.
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The density, type and location (invasive front and tumour core) of TILs have 
been identified as prognostic in CRC using Galon et al’s Immunoscore (Galon et 
al. 2006, Anitei et al. 2014).  The lack of inclusion of these variables in the IS used 
in this study has the potential to introduce bias and confound the significance 
of any associations with inflammation.  The fact that the IS was based purely 
on number of inflammatory cells, and did not account for the specific type of 
inflammatory cell, nor the location of the infiltrate may be one explanation why 
the IS was not independently prognostic on multivariate analysis.  Equally, as the 
numerical IS score did not differentiate between the predominant infiltrating cell 
type (lymphocytic, neutrophilic, eosinophilic or plasma cells) and predominant 
cell type can have opposite effects on survival, this will also have impacted on 
the significance of IS on multivariate analysis.  The majority of patients had a 
lymphocytic infiltrate, which has been associated with improved prognosis in 
a number of malignancies (Clemente et al. 1996, Naito et al. 1998, Zhang et al. 
2003, Pages et al. 2005, Sato et al. 2005, Loi et al. 2013, Adams et al. 2014, Anitei 
et al. 2014).  However, neutrophilic infiltrates have been associated with poorer 
survival in hepatocellular, bronchioalveolar and renal cell carcinoma, and 16% of 
patients in the MAUGIC cohort had a neutrophilic infiltrate (Table 6.13) (Bellocq 
et al. 1998, Kuang et al. 2011, Jensen et al. 2012).  As described in Chapter 4, a 
neutrophilic infiltrate was more predominant in a subset of DGC patients with 
elevated PSME1 expression which was associated poorer survival. This negative 
survival association may confound the prognostic impact of the IS.

An association with a strong inflammatory reaction is not seen only in MMR 
deficient GC, but also with EBV positive GC, which in itself has been reported to 
have an improved survival (Matsunou et al. 1996).  The proportion of tumours 
that are associated with EBV infection has not been assessed in the MAUGIC 
cohort and therefore cannot be accounted for, although as EBV positive GC is 
suggested to have improved survival, this factor alone is unlikely to contribute to 
the lack of significance of IS on multivariate analysis.

IS was not prognostic in the multivariate analysis that included stage, Lauren 
classification and MMR status.  Of these variables IS correlated with MMR status 
and Lauren classification, being associated with MMR deficient tumours and 
IGC, both of which showed improved prognosis. One explanation of the loss of 
prognostic significance on multivariate modelling for IS, is that the prognostic 
significance on univariate analysis is related to the association with IGC and MMR 
deficiency, and not due to the degree of inflammation.  However, it is likely that 
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the method used to assess the IS confounds this result as discussed above, and 
the MAUGIC cohort is likely too small to have sufficient power to analyse this fully.  
In CRC, the prognostic significance of TILs has been shown to be independent 
of molecular subtype and examination of this variable in a larger cohort with 
greater power would be of benefit in determining whether this is also the case in 
GC (Ogino et al. 2009, Nosho et al. 2010).

The MMR pathway is important in the initiation and progression of the carcinogenic 
cascade in some malignancies.  This analysis has shown that MMR deficient GC 
has a survival benefit independent of age, AJCC stage, Lauren classification and 
degree of inflammatory response.  Assessment of MMR status in the clinical 
setting would provide additional prognostic information for patients with GC, 
and a consensus needs to be reached urgently as to what constitutes MMR 
deficient GC to enable this information to be utilised for patients.  IS, although not 
prognostic on multivariate analysis in this study, deserves further attention as a 
prognostic variable, in larger cohorts, and in more detail.  The simple IS utilised 
in this study could be used to identify a subset of patients for whom testing for 
MMR deficiency should be undertaken.  This may become clinically relevant 
soon, not just for prognostic purposes, but also to guide treatment if the promise 
of programmed death receptor 1 (PD-1) inhibitors in MSI-H cancers is borne out 
in larger randomised clinical trials (Le et al. 2015).
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CHAPTER 7

Concluding remarks and future directions

This thesis explores the inter-tumoural heterogeneity of gastric cancer (GC) at 
the clinical and molecular level, and how this impacts survival in an Australian 
GC cohort.  It identifies a number of clinical, molecular and histological variables 
that have prognostic significance, and proposes a potential method for triaging 
a subgroup of GC patients for further testing for the mismatch repair (MMR) 
subtype of GC.  It also identifies a number of molecular variables that potentially 
drive the differences between the Lauren classification subtypes of GC, and 
influence outcome.

7.1  MAJOR FINDINGS
The initial analysis for this study explored the demographics of the Molecular 
Analysis of Upper Gastrointestinal Cancer (MAUGIC) cohort.  This cohort, when 
compared to the greater Victorian GC population, showed similarity in gender 
and ethnicity, suggesting the MAUGIC cohort is representative of the larger 
population from which it was drawn, and that the results of this study can be more 
broadly applied.  The survival analysis presented in Chapter 3 is the first multi-
centre analysis of prognostic variables for GC from an Australian population, in 
a cohort that has predominantly European ethnicity.  The variables identified as 
prognostic – age at surgery, American Joint Committee on Cancer (AJCC) stage and 
Lauren classification, are consistent with those described in other international 
cohorts, and highlight the importance of Lauren classification as a prognostic 
marker for GC.  

The analysis of relapse after adjuvant 5-fluorouracil (5-FU) based chemotherapy, 
although not statistically significant, adds further to the evidence that Lauren 
classification may be predictive of response to 5-FU based chemotherapy, and 
potentially radiotherapy, with diffuse gastric cancer (DGC) deriving minimal 
benefit from these treatments in the adjuvant setting.  This is consistent with 
a retrospective analysis of the Intergroup 0116 trial which demonstrated no 
benefit from the addition of adjuvant 5-FU based chemoradiotherapy in DGC 
patients and a subgroup analysis of the JCOG9912 trial where benefit was seen 
for a cisplatin and irinotecan combination over 5-FU based chemotherapy in DGC, 
but not intestinal gastric cancer (IGC) (Boku et al. 2009, Smalley et al. 2012).  
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More recently, in the ARTIST trial, which examined the addition of radiotherapy 
to a cisplatin and capecitabine combination, no benefit was seen for the addition 
of radiotherapy to chemotherapy in DGC patients, whereas improved disease 
free survival was seen in IGC patients (Park et al. 2015).  The mechanism behind 
the apparent resistance of DGC to 5-FU based chemotherapy and radiotherapy is 
unknown, and will be an area of future research as discussed below. 

The gene expression and pathway analysis described in Chapter 4, where 
Affymetrix HG-U133+2.0 gene expression data from 100 patient tumours in 
the MAUGIC cohort was interrogated, further defines the molecular differences 
between IGC and DGC.  The comparison of DGC to IGC identified 93 differentially 
expressed genes, whereas no genes were identified as differentially expressed in 
the T stage comparison, the analysis of node negative compared to node positive 
patients, nor the comparison of patients who relapsed compared to those who 
did not relapse.  The pathway analyses, which utilised the Kyoto Encyclopaedia 
for Genes and Genomes (KEGG) pathways, identified a number of differentially 
perturbed pathways in all analyses, with the greatest number seen in the 
comparisons between DGC and IGC and T stage.  These results, together with 
evidence from previous studies that have examined the relationship between 
normal gastric epithelium, GC and lymph node metastases, suggest that there are 
greater differences between the Lauren classification subtypes of GC than there 
are between pathological stages of GC (Boussioutas et al. 2003, Chen et al. 2003).

The effect on survival of differential expression of candidate genes (or from 
differentially perturbed pathways) is also described in Chapter 4.  This analysis 
identified a number of genes where expression was associated with survival on 
multivariate analysis that included AJCC stage and Lauren classification for all 
GC, and AJCC stage for the DGC and IGC analyses.  The majority of genes identified 
as being associated with progression free survival (PFS) in these analyses were 
unique to either DGC or IGC.  This included the melanoma associated antigen A 
(MAGEA) family of genes in IGC, where expression of this family of genes was 
associated with poorer survival.  The survival effect provides some evidence 
of biological importance in those tumours that express this family of genes.  In 
addition, expression of MAGEA family genes are a potential therapeutic target 
for a subset of IGC, as MAGEA targeted therapies are currently being examined in 
clinical trials in a number of malignancies, including non-small cell lung cancer 
and melanoma (Morgan et al. 2013, Vansteenkiste et al. 2014).  
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The results of the first two chapters of this work identify IGC and DGC as distinct 
types of GC that show not only histological differences, but also clinical and 
molecular inter-tumoural heterogeneity.  Based on these observations it would 
seem logical to treat DGC and IGC as distinct disease types.  Identification of 
different intrinsic subtypes of cancers from one anatomical location, and making 
treatment decisions based on the predicted sensitivities of these subtypes to 
different agents is not new.  In breast cancer the use of immunohistochemical 
markers to guide adjuvant therapy for individual patients is enshrined in clinical 
practice guidelines (Senkus et al. 2015).     As well as ensuring that targeted 
therapies are only offered to those patients who are likely to benefit, this strategy 
also avoids inappropriate and ineffective treatment in those patients who are not 
likely to derive benefit. For example, in patients with human epidermal growth 
factor receptor 2 (HER2), oestrogen receptor (ER) and progesterone receptor 
(PR) negative (“triple negative”) breast cancer offering adjuvant chemotherapy 
as opposed to trastuzumab and/or endocrine therapy.  This eliminates potential 
toxicity and cost without benefit.  It can also decrease potential toxicity and 
cost by avoiding treatments where the absolute benefit is likely to be small, for 
example the addition of chemotherapy to adjuvant endocrine therapy in patients 
with luminal-A-like (ER positive, PR positive, Ki67 low, HER2 negative) breast 
cancer without extensive lymph node involvement (Senkus et al. 2015).  The 
Lauren classification may be the starting point for a similar classification to assist 
with targeting of therapies in GC to those patients that will gain the most benefit, 
and eliminate therapies from those with tumours that are unlikely to respond.

The results of the pathway analysis also highlight the importance of the immune 
system in GC, with five of the six down regulated pathways identified in patients 
that relapsed compared to those that did not being associated with immune 
signalling.  Of these five pathways the most significantly down regulated was the 
antigen processing and presentation pathway.  The genes from this pathway were 
explored in the survival analysis, and loss of expression of proteasome activator 
subunit 1 (PSME1) and proteasome activator subunit 2 (PSME2), the genes 
encoding the PA28 immunoproteasome regulatory subunit, were associated 
with poorer survival in IGC, identifying this as a potential mechanism of immune 
escape in IGC.  The effect on survival however was opposite in DGC, with patients 
with higher expression of PSME2 having poorer survival.  This suggests the 
effect of loss of the PA28 immunoproteasome regulatory subunit differs based 
on Lauren classification.  In a subset of IGC, loss of expression of the PA28 
immunoproteasome regulatory subunit may be a mechanism of immune escape 
contributing to tumour progression and poorer survival.  The association of high 
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PSME1 expression in DGC, a neutrophil predominant infiltrate and the trend 
towards poorer survival suggests that in this setting the immunoproteasome may 
be contributing to an inflammatory response that is tumour growth promoting. 

Three bone morphogenic protein (BMP) antagonists, and the Transforming 
growth factor β (TGF-β) pathway, of which the BMP pathway is a branch of, 
were identified as differentially expressed between DGC and IGC in the analyses 
described in Chapter 4.  In IGC over expression of BMP and activin membrane 
bound inhibitor (BAMBI) and gremlin 1 (GREM1) predicted poor survival, and 
knockdown of BAMBI expression was associated with decreased invasion, 
decreased proliferation and cell cycle arrest in a cell line with intact TGF-β and 
BMP signalling pathways.  The pathway through which BAMBI is exerting its 
effect was not elucidated in this study, but evidence of an association between 
expression of BMP antagonists, and in particular GREM1, with epithelial-to-
mesenchymal transition (EMT) was found, suggesting that induction of a more 
mesenchymal phenotype may be associated with the poorer survival seen in IGC 
patients with higher GREM1 expressing tumours.

The MMR pathway was identified as differentially expressed between DGC 
and IGC, with four genes from this pathway significant on survival analysis.  Of 
particular interest is the finding that loss of MutS homolog 3 (MSH3) expression 
is associated with poorer survival, as loss of MSH3 and loss of function of its 
resulting protein is associated with elevated microsatellite alterations at selected 
tetranucleotide repeats (EMAST), which in colorectal cancer (CRC) is associated 
with poorer relapse free survival (RFS) (Garcia et al. 2012).   To my knowledge, 
EMAST, and any impact on survival has not been previously described in GC. 

The MMR status of tumours in the MAUGIC cohort was explored as part of Chapter 
6, identifying a small number of MMR deficient tumours.  Despite this small 
number, consistent with other published cohorts, patients with MMR deficient 
tumours had improved PFS and cancer specific survival (CS).  MMR deficient 
tumours were also associated with a higher inflammatory score (IS), as defined by 
the intensity of the inflammatory reaction, compared to MMR proficient tumours.  
On univariate analysis, IS was associated with PFS and CS, but on multivariate 
analysis, including MMR status, age, AJCC stage and Lauren classification, was no 
longer significant, suggesting the improved survival seen with higher IS is in part 
due to the association with MMR status.  Although not independently prognostic, 
the simple IS described in this work, performed on haematoxylin and eosin (H&E) 
sections, could be used as a potential triaging tool for further testing for MMR 
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status, particularly in resource constrained environments.  This would provide 
additional prognostic information in the adjuvant setting, and may become more 
important in the advanced setting if MMR status is confirmed to be predictive of 
response to immune checkpoint inhibitors, such as pembrolizumab. 

7.2  FUTURE DIRECTIONS
The work presented in this thesis has provided a number of avenues for future 
studies investigating the inter-tumoural heterogeneity of GC, the impact on 
survival, and the mechanisms underlying the survival differences identified.  
Local and international collaborations are being sought to validate the findings 
described in this thesis.  Patient recruitment to the MAUGIC cohort, which has 
been an invaluable resource in this study, is on-going and existing patients 
continue to be followed up.

7.2.1  Additional clinical cohorts
This study focuses on a cohort of GC patients from Victoria, Australia, and utilises 
the Cancer Genome Atlas (TCGA) cohort as a validation cohort.  Unfortunately 
the survival data, and treatment related data associated with the TCGA cohort is 
currently immature, which has limited the ability to validate some of the findings 
of this study, in particular those related to survival.  We are pursuing collaborations 
to find additional GC cohorts to enable validation of the findings presented in 
this study, including the survival differences seen between DGC and IGC, and 
the differences in relapse patterns after adjuvant chemotherapy in DGC and IGC.  
More locally there is the capacity to prospectively investigate the differential 
relapse patterns after curative treatment in DGC and IGC using the TOPGEAR 
clinical trial, an international co-operative group trial investigating the addition 
of pre-operative radiotherapy to ECF or ECX chemotherapy (Leong et al. 2015).  
This trial includes a biological substudy that will also enable an examination of 
the molecular basis behind the differential response to treatments.

7.2.2  BMP antagonists and the association with epithelial-to-mesenchymal 
transition
EMT appears to be an important process in the development and progression of 
GC.  Loss of E-cadherin, encoded by cadherin 1 (CDH1), is a hallmark of EMT, loss 
of CDH1 is the causative mutation in hereditary diffuse gastric cancer (HDGC), 
and a number of publications identify an EMT or mesenchymal subtype of GC 
(Guilford et al. 1998, Lei et al. 2013, Cancer Genome Atlas Research Network 
2014, Kakiuchi et al. 2014, Chen et al. 2015, Cristescu et al. 2015).  The association 
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of BMP antagonist expression with poorer survival (and in the case of GREM1 
correlation with EMT associated genes) and whether this is indicative of EMT 
will be explored further.  To explore the mechanisms behind poorer survival seen 
in IGC with higher expression of GREM1, similar functional experiments to those 
performed in this study with BAMBI will be performed for GREM1, using cell 
lines with intact TGF-β and BMP signalling.  Should a phenotype be confirmed 
in-vitro, additional experiments would include drug assays to assess whether a 
more mesenchymal phenotype induced by GREM1 expression is associated with 
chemotherapy resistance, as the EMT process has recently been associated with 
chemotherapy resistance in models of breast and pancreatic adenocarcinoma 
treated with cyclophosphamide and gemcitabine respectively (Fischer et al. 
2015, Zheng et al. 2015).  Whether this phenomenon is seen in GC with high 
GREM1 expression will be explored.  If the results of the in-vitro experiments 
are promising, in-vivo experiments investigating the impact of GREM1 on 
tumour growth, metastatic potential and chemotherapy sensitivity will then be 
undertaken.  

Further work to explore the mechanism behind the impact of BAMBI expression 
on survival is also planned, initially using a different model system of knockdown, 
such as short hairpin RNA (shRNA) or clustered regularly interspaced short 
palindromic repeat (CRISPR) technology, which will hopefully provide a cleaner 
phenotype (Rao et al. 2009, Sander and Joung 2014).  In addition, as more 
cell lines with intact TGF-β and BMP signalling are identified, over-expression 
experiments will be repeated in a cell line with lower baseline BAMBI expression 
to remove the potential complication of saturation of the signalling pathway. 

7.2.3  The immune system in gastric cancer
One of the most interesting findings of the pathway analysis described in Chapter 
4 was the association between down regulation of immune related pathways and 
cancer relapse.  This, and the association of higher IS with improved survival 
suggests that immune system modulation is highly important in the progression 
of GC.  Further work in this area will involve defining the inflammatory infiltrate 
with specific immune cell markers, potentially using the Immunoscore as 
described by Galon et al (Galon et al. 2006, Galon et al. 2012, Galon et al. 2014).   
Once the inflammatory infiltrate is defined, with survival associations, an attempt 
can be made to functionally validate the effect of different immune cells and their 
associated cytokines using 2D co-culture and organoid culture. 
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The pathway most significantly downregulated in patients who relapsed was 
the antigen processing and presentation pathway, and the association of loss of 
the genes that encode the PA28 immunoproteasome regulatory subunit, PSME1 
and PSME2, provide a tantalising suggestion that this may be a mechanism of 
immune escape.  The role of antigen presentation, and in particular, the role of 
the immunoproteasome in GC progression, and other cancers, will be explored 
further.  Previous published cell culture studies have identified alterations in 
proliferation and invasion with knockdown and over expression of PSME2, 
suggesting a role for this gene at least beyond immune signalling (Huang et al. 
2010, Zheng et al. 2012).  Initially, an attempt will be made to replicate these 
observations, and identify whether the same phenotype is seen with alterations 
in PSME1 expression.  If the phenotype is replicated, then further experiments 
will be performed to try and identify the additional pathways and mechanisms 
through which PSME1 and PSME2 expression may be effecting survival.   

Publicly available databases, such as those accessible through the TCGA data 
portal (https://tcga-data.nci.nih.gov/) will be explored to identify whether 
downregulation of components of the antigen processing and presentation 
pathway, and in particular, the immunoproteasome are associated with survival 
in other cancers, as this is potentially a phenomenon not restricted to GC.  
Whether loss of the genes encoding the PA28 immunoproteasome regulatory 
subunit correlates with loss of expression of other genes involved in the major 
histocompatibility (MHC) class I antigen presentation complex will also be 
explored.  If loss of expression of PSME1 and PSME2 is associated with poorer 
survival in other malignancies, this may represent a global mechanism of down 
regulation of antigen presentation, and potentially a mechanism of resistance 
to immunotherapies that are currently being explored as treatments in many 
malignancies.

7.2.4  The mismatch repair pathway
MMR deficient patients were identified as having improved survival compared 
to MMR stable patients in the MAUGIC cohort, but because of the small number 
of MMR deficient patients associations with other clinical characteristics were 
difficult to define.  The clinical characteristics of MMR deficient GC patients will 
be explored further on obtaining a validation cohort.  Again, because of small 
numbers, no conclusion about chemotherapy sensitivity and MMR status could 
be drawn in this study.  
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One of the associations with MMR status that was significant in the MAUGIC cohort 
was that of MMR deficient patients having a higher IS.  The type of inflammatory 
cells associated with MMR deficient tumours will be explored further as part 
of the planned work to define the inflammatory infiltrate described above.  Of 
particular interest will be whether the presence of a particular inflammatory cell, 
or cells, is associated with survival in GC independent of the association with 
MMR status.

The observation that MSH3 expression loss is associated with poorer survival in 
IGC and DGC (although not on multivariate analysis in DGC) raises the possibility 
that this may be a marker for an EMAST subtype of GC.  If an EMAST subtype of 
GC is identified, then, in addition to further investigations of this as a prognostic 
marker, additional investigations could also be undertaken to explore it as a 
predictive marker of sensitivity to cisplatin and oxaliplatin in GC, as pre-clinical 
studies using CRC cell lines have demonstrated loss of MSH3 is associated 
with sensitivity to these chemotherapeutics (Takahashi et al. 2011).  These 
investigations could potentially identify another prognostic, and predictive 
marker for GC.

7.3  CONCLUSION
In conclusion, the work presented in this thesis describes an analysis of the 
inter-tumoural heterogeneity of GC using an Australian cohort, identifying 
clinical, histological and molecular differences with prognostic significance.  
With prospective validation in an independent cohort the variables identified 
in this study, in particular Lauren classification and MMR status, can be used 
clinically to provide additional prognostic information for GC patients.  This study 
confirms findings from other published cohorts of the association of improved 
survival with greater inflammatory reaction, and the association of stronger 
inflammatory reaction with MMR status.  It identifies a simple method to measure 
inflammatory score on H&E stains that can be used as a triaging mechanism to 
identify cases to take forward for formal MMR testing.  Should these findings be 
confirmed in an additional cohort Figure 7.1 describes one potential pathway 
for more personalised treatment in GC in the curative treatment setting.  This 
pathway does not require additional testing beyond the diagnostic H&E stain, and 
would identify differing prognostic groups, and potentially treatment options for 
different subtypes of GC. 
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Future work involves the validation of the survival associations, and further 
exploration of the predictive effect of Lauren classification on the efficacy of 
currently used chemotherapeutics.  The mechanisms behind the association of 
higher BMP antagonist expression, poorer survival and correlation with EMT will 
be examined further.  In addition, the role of the immune system in GC progression 
will be explored further, defining the inflammatory infiltrate in greater detail, to 
identify particular cell types and their association with survival.  

Finally, this study adds to the growing body of knowledge that demonstrates 
GC is a heterogeneous disease, and identifies a number of genes, pathways and 
histological associations that impact on survival, and potentially treatment 
response.  Further work is planned to expand the findings of this study, with the 
aim of translating these findings to the clinical setting, which will enable better 
prognostication and more rational prescription of treatment for patients with 
GC.
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Abstract

Background: Gastric cancer (GC) is a common cause of cancer mortality. There are
well-documented prognostic factors for GC but these have not been rigorously exam-
ined in an Australian context. This study examines the clinical, surgical and
histopathological variables associated with survival in a GC cohort from a predomi-
nantly Caucasian-based population.
Methods: A multi-centre cohort of patients undergoing curative resection for GC
enrolled in an ongoing tissue bank study from 1999 to 2009 was retrospectively
analysed. Prospectively collected demographic, surgical and pathological variables
were available for this cohort. The primary endpoints investigated were cancer-specific
survival and recurrence-free survival using multivariate Cox proportional hazard
modelling.
Results: Five-year cancer-specific survival was 45.9%, 5-year relapse-free survival
was 44.7% and 30-day mortality was 2.2%. Variables showing significance on multi-
variate analysis for cancer-specific and relapse-free survival were AJCC stage, Lauren
classification and age at surgery.
Conclusion: This study demonstrates that the prognostic variables for a predomi-
nantly Caucasian GC population are congruent with published prognostic features.
These findings emphasize the importance of the pathological review in allocating
prognosis in GC.

Introduction

Gastric cancer (GC) is a significant health issue globally, being the
fourth most common cause of cancer and second most common
cause of cancer death.1 Surgery is the only curative treatment;
patients unable to undergo surgery have a median survival of 3–11
months.2

Clinical and pathological variables consistently reported to have
prognostic significance in GC include stage, tumour location,
lymphovascular invasion (LVI) and tumour differentiation.2–4 Other
factors that have shown evidence of prognostic significance include

the ratio of involved lymph nodes to total lymph nodes resected
(node ratio), total lymph nodes resected, surgical procedure, hospital
volume, patient age, perineural invasion (PNI) and Lauren
classification.4–14

Variables of prognostic significance after GC resection in an Aus-
tralian population have not previously been described. This study
investigates the clinical, pathological and surgical variables that
impact survival in a cohort of GC patients undergoing curative
resection from an Australian metropolitan area in a time period when
a consensus on lymphadenectomy and adjuvant therapy was being
developed.
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Methods

Patients were enrolled between 1999 and 2009 in an ongoing tissue
bank study at Peter MacCallum Cancer Centre from 10 hospitals in
the Melbourne metropolitan area of Australia. Patients who under-
went palliative procedures, who did not undergo surgical resection
or with histology other than adenocarcinoma, were excluded.
Patients were identified prior to surgery by study investigators, who
collected demographic and clinical information. Post-operative
follow-up information was collected by telephone interviews, ques-
tionnaires, medical records and by linkage to the Victorian Cancer
Registry (VCR). Written informed consent was obtained from study
participants. Ethical approval was obtained from Institutional
Review Boards (IRB) from individual hospitals associated with the
study. In addition, the IRB at the Cancer Council of Victoria
approved the use of de-identified VCR data.

This was an observational study, and decisions on patient man-
agement including surgical procedure, extent of lymph node resec-
tion and additional therapies were determined by treating clinicians.
Resected tumours were reviewed by local pathologists and staged
using the AJCC classification (6th edition). Tumour location was
identified macroscopically at pathology assessment, from operative
notes or preoperative investigations if not specified elsewhere.
Gastro-oesophageal junction (GOJ) tumours were classified accord-
ing to the Siewert classification;15 this study includes Siewert II and
III tumours only. Siewert I and oesophageal tumours were excluded.
Proximal tumours were defined as those that arose in the cardia, or
GOJ (cardia tumours), whereas distal tumours were those that arose
distal to the cardia (non-cardia tumours). To evaluate the representa-
tiveness of the cohort to the local Victorian GC population, data on
all GC patients from Victoria for the same time period were obtained
from the VCR.

Variables included in the analysis were age, Eastern Cooperative
Oncology Group (ECOG) performance status, smoking status, body
mass index (BMI), Helicobacter pylori (H. pylori) status, number of
procedures by surgeon and hospital, surgical procedure, tumour
location, tumour stage, node ratio, total number of lymph nodes
resected, Lauren classification, tumour differentiation, LVI, PNI,
presence of signet rings, tumour size, surgical margins, and
neoadjuvant or adjuvant therapies.

Statistical analysis was performed using the Survival package in R
version 2.15.2.16,17 The chi-squared test was used for categorical
data, and the Wilcoxon or Kruskal–Wallis rank sum test for rank
data. For the univariate survival analysis, categorical variables were
investigated using the log-rank test, and continuous variables using
the likelihood ratio test. The Cox proportional hazard model was
used for multivariate analysis, and survival curves were generated
using the Kaplan–Meier method. P-values were considered signifi-
cant at P < 0.05. The primary outcome measures were cancer-
specific survival (CS), recurrence-free survival (RFS) and 30-day
mortality. CS was measured from date of surgery to date of death
from cancer; patients who died from other causes were censored at
time of death. Patients who remained alive at last contact were
censored on that date. RFS was measured from date of surgery to
date of first documented relapse or death from GC. Recurrence was
defined as radiological, histopathological or clinical evidence of

Table 1 Study cohort description

Variable n (%)

Age (years)
<40 7 (3.1)
40–60 65 (28.8)
60–80 135 (59.8)
>80 19 (8.4)

BMI
Normal range (20–25) 60 (39.2)
Underweight (<20) 11 (7.2)
Overweight (25–30) 50 (32.7)
Obese (>30) 32 (20.9)

Helicobacter pylori status
Positive 101 (44.7)
Negative 82 (36.3)
Not documented 43 (19.0)

Tumour location
Cardia 64 (28.3)
Non-cardia 162 (71.7)

Surgical procedure
Distal gastrectomy 86 (38.1)
Oesophagogastrectomy 46 (20.4)
Proximal gastrectomy 14 (6.2)
Total gastrectomy 80 (35.4)

T stage
T1 33 (14.6)
T2 49 (21.7)
T3 135 (59.7)
T4 3 (1.3)

N stage
N0 87 (38.5)
N1 88 (38.9)
N2 37 (16.4)
N3 11 (4.9)

AJCC stage
Stage I 51 (23.2)
Stage II 63 (28.6)
Stage III 92 (41.8)
Stage IV 14 (6.4)

Resection margins
Negative 202 (89.3)
Positive 23 (10.2)

Lymph nodes resected
<15 126 (55.8)
15–25 67 (29.6)
>25 32 (14.2)
Not documented 1 (0.4)

Differentiation
Well 5 (2.2)
Moderate 63 (27.9)
Poor 115 (50.9)
Undifferentiated 40 (17.7)

Lauren classification
Intestinal 96 (42.5)
Diffuse 73 (32.3)
Mixed 26 (11.5)
Adenocarcinoma 31 (13.7)

Lymphovascular invasion
Absent 76 (33.6)
Present 114 (50.4)
Not documented 36 (15.9)

Perineural invasion
Absent 45 (19.9)
Present 60 (26.5)
Not documented 121 (53.5)

Signet rings
Absent 12 (5.3)
Present 63 (27.9)
Not documented 151 (66.8)

BMI, body mass index.

2 Pattison et al.
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recurrence. Self-reported recurrence was confirmed with supportive
medical records. Patients who died within 30 days of surgery were
included in 30-day mortality statistics. Overall survival (OS) was
also investigated and was measured from date of surgery to date of
death from any cause.

Results

Two hundred and twenty-six patients met the inclusion criteria.
The study cohort was compared with the 5308 patients in the

VCR GC cohort from the same time period. This revealed
similar gender distribution, with men comprising 67.7% (153)
of the study cohort and 63.5% (3369) of the VCR cohort (P = 0.22,
chi-squared test). Ethnic background was also similar, with
patients of European ethnicity comprising 87.6% (198) patients
of the study cohort and 88.2% (4682) of the VCR cohort (P =
0.07, chi-squared test). Median age in the study cohort was
younger (67 years, range 32–95) compared with the VCR cohort
(72 years, range 18–100, P < 0.0001, Wilcoxon’s rank sum
test).

Table 2 Cancer-specific and relapse-free survival – univariate analysis

Variable Cancer-specific survival Relapse-free survival

Hazard ratio 95% confidence interval P-value Hazard ratio 95% confidence interval P-value

Age (years)
<40 1 <0.0001 1 — 0.0002
40–60 6.04 0.83–44.23 — 2.59 0.62–10.8 —
60–80 5.36 0.74–38.7 — 2.36 0.58–9.62 —
>80 17.6 2.31–133.6 — 7.34 1.67–32.3 —

BMI
Normal weight 1 — 0.05 1 — 0.07

Underweight 1.59 0.74–3.43 — 1.56 0.72–3.35 0.07
Overweight 0.75 0.45–1.24 — 0.80 0.48–1.31 —
Obese 0.52 0.27–1.00 — 0.52 0.27–0.99 —

Surgical procedure
Distal gastrectomy 1 — — 1 — —
Oesophagogastrectomy 1.98 1.21–3.24 0.04 1.85 1.13–3.01 0.08
Proximal gastrectomy 1.57 0.76–3.25 1.63 0.79–3.38 —
Total gastrectomy 1.54 0.99–2.41 — 1.47 0.95–2.28 —

T stage
T1 1 — <0.0001 1 — <0.0001
T2 1.67 0.78–3.60 — 1.66 0.77–3.57 —
T3 3.58 1.85–6.92 — 3.71 1.92–7.17 —
T4 5.16 1.12–23.7 — 4.57 1.00–21.0 —

N stage
N0 1 — <0.0001 1 — <0.0001
N1 2.37 1.49–3.75 — 2.53 1.60–4.01 —
N2 3.17 1.82–5.51 — 3.50 2.02–6.04 —
N3 8.42 4.12–17.2 — 7.37 3.61–15.0 —

AJCC stage
Stage I 1 — <0.0001 1 — 0.0004
Stage II 2.60 1.36–5.00 — 2.58 1.35–4.96 —
Stage III 4.30 2.35–7.87 — 4.66 2.55–8.52 —
Stage IV 12.8 5.87–27.7 — 11.3 5.22–24.6 —

Resection margins
Negative 1 — <0.0001 1 — <0.0001
Positive 2.98 1.77–5.01 — 2.48 1.48–4.15 —

Tumour diameter (mm) 1.01 1.00–1.02 0.002 1.01 1.01–1.02 0.005
Node ratio 7.26 3.95–13.4 <0.0001 8.34 4.53–15.4 <0.0001
Differentiation

Well/Moderate 1 — 0.008 1 — 0.01
Poor 1.31 0.84–2.03 — 1.40 0.90–2.17 —
Undifferentiated 2.22 1.32–3.73 — 2.18 1.30–3.67 —

Lauren classification
Intestinal 1 — <0.0001 1 — <0.0001
Diffuse 2.44 1.56–3.83 — 2.46 1.57–3.84 —
Mixed 3.15 1.82–5.45 — 2.34 1.94–5.75 —
Adenocarcinoma 1.83 1.01–3.34 — 1.74 0.95–3.17 —

Lymphovascular invasion
Absent 1 — 0.0002 1 — 0.0001
Present 2.28 1.48–3.50 — 2.26 1.48–3.45 —
Not documented 1.14 0.60–2.15 — 1.10 0.59–2.07 —

Perineural invasion
Absent 1 — 0.002 1 — 0.002
Present 2.77 1.53–5.02 — 2.74 1.51–4.95 —
Not documented 1.79 1.01–3.14 — 1.81 1.03–3.18 —

BMI, body mass index.
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Surgery was performed by 22 surgeons, with the range of proce-
dures being 1–46. Three surgeons combined performed more than
50% of surgeries (124 of 226). Patients were enrolled from 10
hospitals; more than 70% of surgeries (162 of 226) were performed
in three centres. Excluding patients who received neoadjuvant
therapy (n = 34), 109 patients (56.8%) received surgery within 30
days of diagnosis, 75 patients (39.1%) between 30 and 90 days, and
eight patients (4.2%) underwent surgery >90 days after diagnosis.
Median length of stay was 12 days (range 3–139). Median follow-up
duration was 33.5 months (range 0.3–134.8). One hundred and
forty-four patients (63.7%) were deceased at the end of the
follow-up period, of whom 116 (80.6%) had died from GC.

Five-year OS was 39.7% (95% confidence interval (CI) 33.5–
47.0%), 5-year CS was 45.9% (95% CI 39.3–53.6%) and 5-year
RFS was 44.7% (95% CI 38.2–52.3%). Five patients (2.2%) died
within 30 days of surgery, four from cardiac related causes and one
from sepsis and acute kidney injury. One hundred and eighteen
patients (52.2%) had documented recurrence, and of these, 116
patients (97.5%) died from GC. Cause of death was not available for
one patient. Median time to relapse was 14 months (range 2–76).

Table 1 describes the study cohort. One hundred and thirty-three
patients (61.1%) had a current or past history of smoking. BMI was
calculated for 153 (67.7%) patients; median BMI was 25.7 (range
16.4–46.5). ECOG performance status was available for 195 patients
(86.2%); 188 (83.2%) were ECOG 0 or 1.

The median number of lymph nodes resected was 13 (range
1–56); data were not available for one patient. Although not signifi-
cantly different, patients who had >25 lymph nodes identified in
their pathological specimen were more likely than those with <15
identified to be T stage 3 or 4 (78.1% versus 52.8%, P = 0.09,
chi-squared test).

One hundred and twenty-two patients (54%) had chemotherapy as
part of their treatment regimen, 34 (15%) in the neoadjuvant setting,
86 (38.1%) adjuvantly and 32 (14.2%) as palliative treatment. One
hundred and one patients (44.6%) had radiotherapy, 15 (6.6%) in a
neoadjuvant setting, 76 (33.6%) adjuvantly and 18 (8%) as palliative
treatment. Of the patients who received chemotherapy in the
adjuvant setting, 74 (32.7%) had concurrent radiotherapy. Patients

who received neoadjuvant therapy predominantly had proximal
tumours (73%, P < 0.0001, chi-squared test), and patients who
received adjuvant chemotherapy have higher stage (>50% stage III
or higher, P < 0.0001, chi-squared test).

Table 2 describes the variables found to be significant on
univariate analysis for CS and RFS. Age was also significant as a
continuous variable for CS (hazard ratio (HR) 1.02, 95% CI 1.01–
1.04, P = 0.003), but not for RFS (HR 1.01, 95% CI 1.0–1.03,
P = 0.14). Significant variables were included in multivariate analy-
sis modelling. Variables significant on multivariate analysis for both
CS and RFS were AJCC stage, Lauren classification and age at
surgery (Table 3). T stage and N stage were also significant on
multivariate modelling, but overall AJCC stage produced a model
with improved fit and therefore was included preferentially. Figure 1
shows Kaplan–Meier curves for Lauren classification, AJCC stage
and age at surgery.

Discussion

This study represents the first multi-centre analysis of prognostic
factors for GC in Australia and represents a predominantly Cauca-
sian demography. The variables identified as prognostic in this
cohort are consistent with those previously described, suggesting
that the Australian GC population has prognostic variables similar to
other international cohorts. Lauren classification was a highly sig-
nificant variable on multivariate analysis in this cohort. Lauren clas-
sification has been reported as prognostic in some GC cohorts,8,10,11

but is not always reported3,4,13 and data are incomplete in other
studies.9 Incomplete reporting of Lauren classification is one poten-
tial explanation as to lack of prognostic significance in some cohorts.
This study further emphasizes the value of Lauren classification as a
prognostic factor in GC, with patients with diffuse GC showing
poorer outcome.

Advancing age has been described as an independent predictor of
overall and disease-free survival previously, and as an independent
predictor of survival in metastatic GC.8,10,18 With near complete
cause of death information, CS analyses were undertaken, confirm-
ing advancing age as being associated with poorer outcome on

Table 3 Multivariate analysis

Variable Cancer-specific survival Relapse-free survival

Hazard ratio 95% confidence interval P-value Hazard ratio 95% confidence interval P-value

AJCC stage
Stage I 1 — — 1 — —
Stage II 3.06 1.58–5.94 0.001 2.97 1.52–5.76 0.001
Stage III 5.57 3.00–10.33 <0.0001 5.85 3.16–10.86 <0.0001
Stage IV 15.57 6.90–36.4 <0.0001 11.87 5.27–26.72 <0.0001

Lauren classification
Intestinal 1 — — 1 — —
Diffuse 2.73 1.73–4.32 <0.0001 2.78 1.76–4.39 <0.0001
Mixed 2.72 1.54–4.81 0.0006 2.86 1.63–5.02 0.0002
Adenocarcinoma 3.39 1.80–6.40 0.0007 2.74 1.47–5.11 0.002

Age (years)
<40 1 — — 1 — —
40–60 12.3 1.66–91.7 0.01 4.92 1.16–20.9 0.03
60–80 12.8 1.75–95.1 0.01 5.34 1.27–22.5 0.02
>80 44.4 5.66–348.8 0.0003 19.9 3.69–77.6 0.0003

4 Pattison et al.
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multivariate analysis. Small numbers of patients at both extremes
make subgroup analyses problematic, but it can be hypothesized that
patients in the oldest age group are more likely to have competing
co-morbidities, which limited the extent of surgery and additional
treatments, thereby compromising their survival.

This cohort shows comparable post-operative mortality outcomes
to other published Western cohorts but lower overall survival than
some.19–21 The survival of this cohort is less than that reported in a
recently published single centre Australian cohort (5-year OS 39.7%
versus 53%); however, this study includes a greater proportion of
patients with higher stage disease and also a lower median number
of lymph nodes resected (13 versus 21).22 The survival of this study
cohort is comparable to others where the median number of lymph
nodes resected is less than 16, the recommended minimum by the
National Comprehensive Cancer Network and AJCC GC guide-
lines.2,14,21,23 Although the total number of lymph nodes resected was
not prognostic in this cohort, this is possibly confounded by the
observation that patients with more extensive disease had more
extensive lymphadenectomy. Inadequate lymph node examination
will result in inadequate staging of patients, leading to some patients
with poorer prognosis being placed in earlier stage groupings and
possibly contributes to lost opportunity for adjuvant therapies
for higher risk patients. Inadequate lymph node resection will
also increase the likelihood of an incomplete resection with posi-
tive lymph nodes being left in situ, and potentially the source of
recurrence.

Less than 20% of patients received neoadjuvant therapy in this
cohort, and just over 30% patients received adjuvant chemor-
adiotherapy. This reflects the study enrolment period, with the inter-
group 0116 study, published in 2001, and the MAGIC study, pub-
lished in 2006, showing a survival advantage for adjuvant
chemoradiotherapy and perioperative chemotherapy, respectively,
likely influencing treatment received by patients over the cohort
enrolment period.24,25 In this cohort, differences in survival seen with
multimodality therapy are likely confounded by patients receiving
neoadjuvant treatment having a greater proportion of proximal
tumours, which are associated with poorer survival on univariate
analyses, and patients receiving adjuvant treatment being of higher
stage. Subgroup analysis was limited due to the small group sizes.

Some of the limitations of this study have been addressed previ-
ously. Another is that it includes only a subset of GC patients from
the Victorian GC population; however, comparison to the VCR
cohort suggests that it is a representative group. The age difference
seen in the study cohort when compared to the VCR cohort is to be
expected, as the VCR cohort includes all GC diagnoses, whereas the
study cohort includes only patients eligible to undergo surgery.

The volume of surgical procedures performed by both surgeon
and hospital has been reported as being independently prognostic in
some series.6,7 Our cohort was derived from several institutions as
part of a tissue-banking programme and therefore includes only
patients who consented to tissue banking. Not all surgeries per-
formed by individual surgeons or institutions are captured within our
cohort, thus limiting any conclusions on outcome based upon the
volume of procedures from this study.

The impact on survival of some of the variables investigated in
this study may be limited by small numbers in some subgroups. For
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Fig. 1. Kaplan–Meier curves for cancer-specific survival, survival depicted
in months: (a) Lauren classification (( ) adenocarcinoma; ( ) diffuse;
( ) intestinal; ( ) mixed); (b) AJCC stage (( ) stage I; ( ) stage II;
( ) stage III; ( ) stage IV); and (c) age at surgery (( ) <40 years;
( ) 40–60 years; ( ) 60–80 years; ( ) >80 years).

Predicting survival of gastric cancer 5

© 2014 Royal Australasian College of Surgeons

Appendix A continued.



305

example, less than 10% of cases had positive resection margins, and
less than 5% of cases were described as well differentiated. Both of
these variables were significant on univariate analysis but not on
multivariate analysis. Missing data from some variables may also
limit significance. In this cohort, <50% of tumours had the presence
or absence of PNI recorded; despite this, PNI was a significant
variable on univariate analysis. In one study where the presence or
absence of PNI was specifically assessed, more than 75% patients
had PNI, and this was predictive of survival on multivariate analy-
sis.5 Omitting variables, such as PNI, decreases the prognostic infor-
mation available for individual patients, and under-reporting
on a systemic scale makes investigation of prognostic variables
problematic.

This study demonstrates that variables associated with GC sur-
vival in an Australian cohort are consistent with known prognostic
variables, including stage, Lauren classification and age at surgery. It
adds more evidence to the importance of adequate lymph node
dissection and complete resection in GC surgery and shows that this
could be improved on in an Australian setting. The importance of the
multidisciplinary team, including surgeon and pathologist, is
emphasized by the significance of pathological variables. Surgery is
the only curative treatment that is available for GC at present, and
survival for GC, especially in Western populations, remains poor.
Achieving recommended standards in surgical resection and report-
ing of pathological subgroups will contribute to improving patient
outcome.
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Gene symbol logFC AveExpr P.Value adj.P.Val
ATP4B 4.31 8.37 1.85E-13 9.54E-12
GKN2 4.07 10.80 1.01E-13 5.76E-12
ATP4A 4.05 8.14 9.52E-16 1.22E-13
GIF 4.02 9.34 9.25E-12 2.64E-10
INHBA -3.72 7.61 5.82E-33 1.16E-28
GKN1 3.61 11.67 7.35E-12 2.16E-10
AQP4 3.56 5.25 7.41E-17 1.52E-14
FUT9 3.37 7.41 3.12E-16 4.76E-14
ESRRG 3.36 6.72 4.78E-17 1.08E-14
KCNJ16 3.30 6.32 9.01E-17 1.74E-14
MFSD4 3.25 8.55 6.14E-15 5.59E-13
SST 3.23 7.71 5.88E-16 7.98E-14
KCNE2 3.17 8.18 4.60E-18 1.58E-15
LIPF 3.16 11.59 8.55E-10 1.25E-08
CHIA 3.15 6.57 2.46E-12 8.46E-11
SOSTDC1 3.09 7.45 6.54E-17 1.39E-14
COL8A1 -3.09 7.27 5.94E-22 8.47E-19
KRT20 3.03 8.97 1.13E-12 4.35E-11
SPP1 -2.96 7.88 2.98E-17 7.43E-15
CPA2 2.89 7.15 1.04E-16 1.99E-14
SFRP4 -2.85 6.99 3.40E-17 8.27E-15
PSCA 2.80 10.15 1.37E-10 2.57E-09
TFF2 2.79 11.58 1.38E-10 2.59E-09
C6orf58 2.77 7.78 2.43E-08 2.32E-07
CTHRC1 -2.76 8.88 4.68E-22 7.18E-19
VSIG1 2.75 8.98 5.10E-11 1.10E-09
AKR1B10 2.71 10.83 2.03E-10 3.57E-09
DPCR1 2.71 8.87 1.89E-10 3.38E-09
MUC5AC 2.67 9.90 1.64E-10 3.02E-09
IL8 -2.58 8.70 3.45E-15 3.47E-13
LINC00261 2.57 8.19 3.58E-15 3.58E-13
SCGB2A1 2.56 6.70 1.75E-15 2.04E-13
TMED6 2.54 6.50 9.44E-13 3.75E-11
SULF1 -2.53 8.25 3.48E-22 6.32E-19
PGC 2.52 12.40 6.89E-10 1.04E-08
FNDC1 -2.52 5.53 1.40E-18 5.58E-16
CXCL17 2.51 9.40 2.30E-12 7.99E-11
CLDN1 -2.48 6.70 1.33E-22 2.90E-19
WISP1 -2.48 5.38 2.67E-24 1.78E-20
AGXT2L1 2.46 4.96 2.69E-12 9.11E-11
THBS2 -2.44 8.01 2.27E-19 1.42E-16
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Gene symbol logFC AveExpr P.Value adj.P.Val
REG3A 2.43 9.31 1.14E-06 6.66E-06
CAPN9 2.42 7.36 1.90E-16 3.19E-14
REG1A 2.38 10.34 1.69E-08 1.69E-07
VSIG2 2.34 9.02 7.90E-14 4.80E-12
HOXC6 -2.34 6.07 3.49E-17 8.40E-15
ANXA10 2.33 10.44 1.69E-09 2.29E-08
AZGP1 2.31 7.76 6.96E-13 2.89E-11
RARRES1 -2.29 7.10 4.97E-15 4.69E-13
ADH1C 2.28 9.56 8.76E-09 9.49E-08
HPGD 2.25 9.64 1.46E-14 1.16E-12
SULT1C2 2.25 9.04 1.08E-09 1.53E-08
SSTR1 2.24 7.10 1.17E-15 1.45E-13
FAP -2.24 6.60 4.39E-22 7.18E-19
CST1 -2.19 5.85 1.90E-11 4.91E-10
COL11A1 -2.18 4.99 4.66E-11 1.02E-09
LTF 2.16 9.16 7.00E-08 5.86E-07
FAM3B 2.15 9.04 3.04E-10 5.13E-09
FCGBP 2.15 9.11 5.80E-09 6.68E-08
MUC6 2.12 8.96 9.78E-12 2.78E-10
MAP7D2 2.12 6.08 1.65E-17 4.85E-15
CHI3L1 -2.11 6.76 4.87E-11 1.06E-09
MT1M 2.11 7.46 1.01E-12 3.97E-11
TRIM50 2.11 5.61 2.60E-16 4.08E-14
IGF2BP3 -2.08 5.25 5.14E-12 1.60E-10
CCKBR 2.08 6.41 1.23E-13 6.87E-12
SLC26A9 2.07 7.04 2.52E-14 1.84E-12
KCNJ15 2.07 6.53 7.45E-15 6.60E-13
KIAA1199 -2.06 5.86 5.16E-17 1.13E-14
CYP2C18 2.06 8.15 5.35E-12 1.66E-10
ADAMTS2 -2.06 7.07 3.41E-21 4.25E-18
C16orf89 2.06 7.05 6.87E-17 1.43E-14
GHRL 2.06 7.80 1.05E-10 2.06E-09
CLIC6 2.06 8.70 2.29E-09 2.97E-08
ADTRP 2.05 8.36 1.06E-11 2.99E-10
ALDOB 2.05 8.12 2.53E-08 2.40E-07
GPR64 2.02 5.72 1.66E-15 1.96E-13
CRISPLD1 -2.01 5.11 5.44E-16 7.44E-14
SYTL5 2.01 7.18 8.29E-12 2.39E-10
TFF1 2.00 12.41 4.09E-08 3.68E-07
DNER 2.00 5.01 3.27E-13 1.48E-11
ERO1LB 1.98 6.58 1.99E-20 2.09E-17
GPR155 1.96 7.51 4.19E-13 1.84E-11
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Gene symbol logFC AveExpr P.Value adj.P.Val
MSMB 1.95 7.75 5.11E-05 1.93E-04
CA2 1.94 11.25 4.77E-10 7.59E-09
CHGA 1.93 8.78 6.54E-14 4.18E-12
CA9 1.93 8.10 7.53E-13 3.08E-11
MAL 1.93 6.90 2.01E-16 3.34E-14
PDIA2 1.90 6.90 1.51E-15 1.80E-13
LOC100128893 1.90 7.98 2.53E-16 4.00E-14
SLC1A2 1.88 5.36 1.41E-16 2.57E-14
ALDH3A1 1.87 7.92 9.16E-12 2.61E-10
LINC00675 1.86 8.31 1.82E-13 9.46E-12
PIK3C2G 1.86 6.77 7.90E-15 6.91E-13
UPK1B 1.85 6.35 7.80E-10 1.16E-08
AKR1C1 1.83 10.80 4.88E-12 1.54E-10
BGN -1.83 7.83 5.75E-20 5.46E-17
KIAA1324 1.83 9.33 4.60E-10 7.36E-09
MMP3 -1.82 6.89 1.45E-08 1.47E-07
SLC26A7 1.81 4.20 1.46E-14 1.16E-12
MFAP2 -1.81 7.24 3.62E-23 9.02E-20
SLC2A12 1.80 6.46 7.15E-14 4.47E-12
GC 1.79 5.20 2.28E-09 2.96E-08
PLA2G7 -1.79 6.74 6.68E-17 1.40E-14
UGT2B15 1.79 7.17 3.36E-10 5.60E-09
LOC100505633 1.79 7.82 5.40E-11 1.15E-09
THBS4 -1.78 7.60 1.21E-08 1.25E-07
KAL1 -1.77 5.82 6.43E-20 5.83E-17
DUOX2 1.77 7.93 1.10E-06 6.49E-06
MMP7 -1.77 7.85 6.55E-08 5.55E-07
OLFML2B -1.76 6.88 1.37E-19 9.79E-17
CKMT2 1.75 6.09 7.62E-17 1.53E-14
CTSE 1.74 11.40 1.00E-07 8.06E-07
TCN1 1.74 8.62 2.68E-06 1.43E-05
WDR72 -1.74 6.72 3.49E-06 1.81E-05
CXCL1 -1.72 7.10 3.46E-12 1.14E-10
PKIB 1.72 7.60 4.15E-11 9.26E-10
CDH11 -1.70 8.92 9.14E-19 4.24E-16
PSAPL1 1.70 8.19 1.32E-19 9.73E-17
COL10A1 -1.70 6.01 2.06E-12 7.29E-11
MYRIP 1.70 5.68 2.84E-16 4.42E-14
NID2 -1.69 7.02 1.63E-23 6.49E-20
RDH12 1.68 5.83 4.59E-17 1.07E-14
RGS1 -1.68 9.94 8.03E-11 1.64E-09
MMP12 -1.68 8.11 2.51E-06 1.35E-05
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Gene symbol logFC AveExpr P.Value adj.P.Val
FBP2 1.67 5.97 2.63E-19 1.59E-16
CXCL5 -1.67 8.22 6.53E-05 2.40E-04
SNX10 -1.67 7.22 1.23E-19 9.40E-17
PLA2G2A -1.66 8.41 4.53E-06 2.27E-05
ASPN -1.66 9.42 1.03E-12 4.02E-11
COL12A1 -1.66 9.58 7.35E-20 6.11E-17
CLDN7 -1.65 8.36 1.65E-10 3.04E-09
PTPRZ1 1.65 5.48 6.80E-13 2.83E-11
HRASLS2 1.64 6.83 1.62E-09 2.21E-08
BCAS1 1.64 7.51 7.66E-12 2.23E-10
CAPN8 1.64 9.26 1.26E-09 1.75E-08
LIFR 1.62 7.91 1.44E-13 7.85E-12
PBLD 1.62 9.11 2.08E-12 7.31E-11
COL6A3 -1.62 10.72 1.17E-18 4.96E-16
AKR7A3 1.61 9.16 1.40E-17 4.17E-15
CLCA1 1.60 6.24 2.79E-04 8.70E-04
APOE -1.60 8.44 5.99E-15 5.50E-13
CKB 1.59 8.36 2.79E-11 6.74E-10
PRDM16 1.58 6.14 2.66E-15 2.86E-13
PDILT 1.57 4.97 2.08E-12 7.31E-11
GREM1 -1.57 9.66 5.12E-07 3.31E-06
C3 -1.57 10.26 5.87E-11 1.24E-09
SPARC -1.57 11.08 2.29E-23 7.60E-20
C1orf132 1.57 7.13 9.92E-16 1.27E-13
CWH43 1.57 5.67 2.98E-17 7.43E-15
CLDN18 1.57 11.20 1.20E-06 6.98E-06
CXCL10 -1.57 7.59 3.10E-11 7.31E-10
TNFRSF17 1.56 7.02 2.25E-07 1.61E-06
AADAC 1.56 7.68 9.81E-09 1.05E-07
DEFA5 1.56 6.23 1.22E-03 3.18E-03
SCIN 1.56 6.51 7.70E-09 8.48E-08
NNMT -1.55 9.45 9.77E-13 3.86E-11
CXCL9 -1.55 7.81 1.09E-09 1.54E-08
TIMP1 -1.55 11.24 4.07E-24 2.03E-20
F2RL2 -1.55 6.48 1.91E-13 9.75E-12
ALDH1A1 1.54 10.52 1.22E-09 1.72E-08
SMIM6 1.54 7.43 2.54E-17 6.57E-15
THY1 -1.54 7.99 1.45E-22 2.90E-19
GPNMB -1.54 9.94 5.56E-12 1.71E-10
KLK10 -1.54 6.19 2.78E-06 1.48E-05
MAMDC2 1.54 6.21 4.52E-10 7.25E-09
APOBEC1 1.54 6.06 6.88E-11 1.43E-09
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Gene symbol logFC AveExpr P.Value adj.P.Val
AKR1C2 1.54 10.49 4.79E-11 1.05E-09
LEF1 -1.53 6.98 5.50E-19 2.81E-16
COL5A2 -1.53 9.29 5.15E-21 5.70E-18
POU2AF1 1.52 8.87 3.51E-08 3.22E-07
BUB1 -1.52 5.96 3.73E-13 1.67E-11
SLC28A2 1.51 6.54 5.01E-06 2.48E-05
SLC16A7 1.51 7.18 1.59E-11 4.20E-10
MYOC 1.51 6.09 2.23E-10 3.86E-09
SCNN1B 1.51 5.58 5.94E-19 2.96E-16
ABCA8 1.51 7.64 3.87E-07 2.60E-06
RNASE1 1.50 11.10 3.34E-16 4.98E-14
PTGER3 1.50 5.69 1.69E-10 3.10E-09
HYAL1 1.49 6.74 6.79E-14 4.28E-12
FCGR1B -1.49 5.88 8.59E-17 1.70E-14
CCKAR 1.49 6.08 8.13E-16 1.06E-13
MEST -1.49 8.43 1.65E-16 2.90E-14
KLK11 1.48 7.38 2.48E-08 2.37E-07
SPOCK1 -1.48 6.04 2.18E-10 3.80E-09
LYPD6B 1.47 7.17 1.82E-10 3.29E-09
PP7080 1.47 7.76 1.47E-08 1.49E-07
THBS1 -1.47 8.42 1.80E-09 2.40E-08
TMEM158 -1.47 6.41 3.56E-18 1.34E-15
RASSF6 1.47 8.53 1.94E-11 4.99E-10
ARL14 1.47 8.85 9.19E-08 7.47E-07
FMO5 1.46 7.02 6.44E-12 1.93E-10
EPN3 1.46 7.00 3.16E-16 4.78E-14
PRRX1 -1.46 7.22 3.55E-10 5.85E-09
SH3GL2 1.46 3.86 4.24E-13 1.84E-11
PMEPA1 -1.46 8.32 1.15E-15 1.44E-13
GDF15 -1.45 7.81 1.80E-11 4.68E-10
IGFBP2 1.45 9.15 8.23E-11 1.68E-09
FN1 -1.44 11.01 6.63E-11 1.39E-09
AJUBA -1.44 5.69 9.96E-16 1.27E-13
AGPAT9 1.44 7.16 1.15E-16 2.18E-14
GAST 1.44 6.59 1.35E-04 4.57E-04
MAGEA3 -1.44 4.87 3.47E-04 1.06E-03
MAGEA6 -1.44 4.66 3.28E-04 1.00E-03
ANLN -1.44 6.90 3.75E-11 8.49E-10
OLFM4 -1.44 9.54 5.19E-03 1.14E-02
RAB31 -1.44 8.97 9.67E-18 3.01E-15
ADH7 1.43 4.56 1.88E-14 1.43E-12
PLAC8 1.43 10.19 7.17E-08 5.98E-07
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Gene symbol logFC AveExpr P.Value adj.P.Val
KRT7 -1.43 6.97 1.75E-07 1.30E-06
GUCY1A3 -1.42 7.95 5.49E-12 1.69E-10
B4GALNT3 1.42 7.81 4.44E-18 1.58E-15
METTL7A 1.41 10.78 8.22E-14 4.98E-12
BCL2A1 -1.41 6.43 3.69E-10 6.04E-09
PAIP2B 1.41 6.25 2.32E-21 3.09E-18
CLDN4 -1.40 7.44 2.95E-11 7.04E-10
CCRL1 1.40 6.09 5.37E-11 1.15E-09
ADAMTS12 -1.40 5.98 3.65E-16 5.28E-14
FAM46C 1.40 9.16 6.81E-12 2.02E-10
RASGEF1A -1.40 5.38 1.03E-09 1.48E-08
NEK2 -1.40 6.29 7.59E-12 2.22E-10
IL1R2 1.40 8.50 9.21E-08 7.48E-07
DIO2 -1.39 7.64 3.05E-13 1.40E-11
EPB41L4B 1.39 9.34 7.67E-14 4.70E-12
ALDH6A1 1.39 7.87 7.20E-18 2.32E-15
IGJ 1.39 12.19 3.45E-07 2.34E-06
PDGFD 1.39 7.56 1.87E-13 9.66E-12
ENTPD5 1.39 8.14 2.04E-13 1.02E-11
UBE2C -1.38 8.51 1.60E-12 5.84E-11
LOX -1.38 6.61 5.06E-14 3.38E-12
ADAM28 1.38 8.57 2.02E-10 3.56E-09
SLC4A4 1.38 8.20 6.50E-07 4.07E-06
AKR1C3 1.38 11.02 4.96E-08 4.35E-07
GPER 1.38 6.34 2.18E-15 2.46E-13
ADH1B 1.37 8.07 8.77E-05 3.11E-04
CYP2C9 1.37 7.97 2.10E-11 5.28E-10
AQP1 -1.36 8.58 7.00E-11 1.45E-09
SCNN1A 1.36 8.88 1.94E-07 1.42E-06
NUF2 -1.36 5.83 1.89E-11 4.89E-10
ECT2 -1.35 7.62 5.72E-14 3.76E-12
MSR1 -1.35 5.25 7.97E-17 1.59E-14
DPT 1.35 7.49 5.42E-11 1.16E-09
CCL20 -1.35 7.52 2.26E-05 9.40E-05
DUOX1 1.35 5.66 1.39E-13 7.62E-12
HOXC10 -1.35 5.31 6.05E-10 9.30E-09
AMPD1 1.34 5.16 8.91E-14 5.24E-12
ASPM -1.33 6.78 1.20E-10 2.32E-09
C19orf77 1.33 9.08 3.15E-07 2.16E-06
CEP55 -1.33 6.82 2.03E-10 3.57E-09
FGA 1.33 6.33 2.42E-08 2.31E-07
SERPINH1 -1.33 8.73 2.87E-23 8.19E-20
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Gene symbol logFC AveExpr P.Value adj.P.Val
SULT1B1 1.33 6.59 3.65E-14 2.56E-12
SERPINE1 -1.32 7.43 1.06E-09 1.52E-08
ITGBL1 -1.32 7.17 2.22E-09 2.90E-08
NOX4 -1.32 4.65 2.70E-15 2.86E-13
VILL 1.31 8.13 2.59E-11 6.34E-10
C1orf116 1.31 8.37 2.47E-09 3.16E-08
SLC2A3 -1.31 7.60 3.41E-10 5.67E-09
LIPG -1.31 6.03 3.61E-10 5.93E-09
PROM2 1.31 7.99 7.63E-09 8.41E-08
LY6E -1.30 8.15 3.42E-16 5.06E-14
CXCL2 -1.30 8.28 2.60E-07 1.83E-06
CYP4X1 1.30 6.40 5.82E-08 5.01E-07
FCGR2A -1.30 7.20 3.45E-16 5.06E-14
MT1G 1.30 10.73 1.59E-12 5.83E-11
MTHFD1L -1.30 6.98 1.84E-17 5.17E-15
ZNF385B 1.29 5.39 6.70E-11 1.40E-09
RAB27B 1.29 10.05 1.27E-09 1.76E-08
FAM26F -1.29 7.59 1.52E-09 2.07E-08
RAB27A 1.29 9.65 8.40E-19 3.99E-16
FLJ42875 1.29 7.21 2.25E-19 1.42E-16
SMIM5 1.29 7.14 4.03E-25 4.01E-21
FER1L4 1.29 7.82 5.44E-13 2.31E-11
OLR1 -1.29 4.27 2.92E-13 1.35E-11
HDC 1.29 6.10 3.95E-13 1.75E-11
LOC400043 1.28 8.71 1.55E-10 2.86E-09
GCNT2 1.28 7.19 7.86E-15 6.91E-13
F2R -1.28 7.54 3.78E-21 4.43E-18
APOB 1.28 5.69 5.90E-04 1.68E-03
SULF2 -1.28 8.40 2.73E-15 2.88E-13
MAOA 1.27 9.25 3.73E-11 8.47E-10
COL4A1 -1.27 10.30 4.49E-20 4.48E-17
WNT5A -1.27 7.34 1.32E-14 1.06E-12
TPX2 -1.27 7.39 8.31E-11 1.69E-09
FAM83D -1.27 8.04 5.96E-10 9.18E-09
APOBEC2 1.27 6.15 1.59E-15 1.89E-13
FA2H 1.27 8.01 2.14E-10 3.74E-09
FBXL13 1.27 4.49 1.96E-11 5.02E-10
SERPINE2 -1.27 8.23 5.78E-10 8.96E-09
KIF23 -1.26 5.52 5.01E-13 2.14E-11
CYP3A5 1.26 9.59 5.88E-08 5.05E-07
ST6GALNAC1 1.26 9.02 7.53E-08 6.25E-07
LEPR 1.26 7.21 8.43E-06 3.96E-05
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EDNRA -1.26 7.69 1.67E-12 6.06E-11
COL1A2 -1.26 12.10 7.46E-17 1.52E-14
LAMP3 -1.26 6.65 1.32E-11 3.57E-10
TYROBP -1.26 8.46 4.14E-15 4.03E-13
CXCL11 -1.26 5.34 5.39E-06 2.64E-05
TNFSF4 -1.25 4.75 2.04E-14 1.54E-12
LNX1 1.25 7.49 1.40E-12 5.25E-11
PRC1 -1.25 7.51 1.31E-11 3.55E-10
ZBTB7C 1.25 7.48 7.73E-13 3.15E-11
MT1F 1.25 9.89 3.53E-13 1.58E-11
LRRC66 1.25 5.66 9.05E-09 9.78E-08
DEFA6 1.25 6.47 1.08E-03 2.86E-03
GATA5 1.24 5.11 3.03E-11 7.17E-10
ODAM 1.24 5.79 2.77E-07 1.94E-06
XK 1.23 7.53 1.10E-09 1.55E-08
ARHGEF37 1.23 7.34 6.35E-15 5.69E-13
PLAU -1.23 7.63 1.93E-15 2.21E-13
MAD2L1 -1.23 7.32 9.38E-11 1.87E-09
PKDCC -1.23 8.30 1.28E-11 3.50E-10
TDO2 -1.23 5.42 9.51E-11 1.89E-09
IDO1 -1.23 7.04 3.11E-06 1.63E-05
BUB1B -1.23 7.07 4.09E-11 9.18E-10
SERPINB9 -1.23 7.44 1.20E-11 3.31E-10
ITGB2 -1.22 7.81 1.37E-12 5.14E-11
COL5A1 -1.22 9.10 5.11E-15 4.78E-13
SLC39A10 -1.22 6.90 1.12E-18 4.85E-16
CDH3 -1.22 6.98 1.15E-11 3.21E-10
WIPF3 1.22 6.73 2.17E-09 2.84E-08
ATP11A -1.22 7.83 7.76E-13 3.15E-11
HAVCR2 -1.22 6.96 3.34E-16 4.98E-14
PXMP2 1.22 7.92 1.93E-17 5.28E-15
FCER1G -1.22 7.83 6.31E-14 4.08E-12
GPRC5C 1.21 7.82 1.72E-12 6.23E-11
IRX3 1.21 6.80 3.38E-13 1.53E-11
C1QB -1.21 8.83 4.38E-11 9.68E-10
CDH17 -1.21 8.31 4.17E-03 9.45E-03
CYSTM1 1.21 12.09 4.66E-12 1.48E-10
ADRB2 1.21 6.10 1.45E-16 2.60E-14
RAP1GAP 1.21 7.64 2.16E-08 2.09E-07
SLAMF8 -1.21 6.05 2.19E-12 7.68E-11
FGD4 1.21 9.47 4.75E-16 6.58E-14
KIF14 -1.21 6.59 1.17E-11 3.24E-10
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GALNT6 1.20 8.97 5.98E-08 5.13E-07
TPD52L1 1.20 8.66 2.60E-09 3.31E-08
TMPRSS2 1.20 9.48 1.26E-10 2.41E-09
PLXDC2 -1.20 6.34 5.00E-17 1.12E-14
HOMER2 1.20 5.29 2.39E-14 1.77E-12
SELENBP1 1.20 8.87 1.03E-12 4.01E-11
C5AR1 -1.20 6.99 2.44E-13 1.16E-11
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GKN2 -4.64 11.22 3.95E-15 1.34E-12
ATP4B -4.37 9.08 1.21E-10 3.82E-09
ATP4A -4.15 8.78 7.15E-12 3.93E-10
GKN1 -4.13 12.03 3.05E-13 3.17E-11
GIF -4.00 10.04 2.22E-09 4.36E-08
FUT9 -3.58 7.88 3.05E-15 1.09E-12
AQP4 -3.56 5.86 5.33E-11 2.03E-09
INHBA 3.52 6.87 1.02E-21 1.91E-17
SST -3.49 8.13 5.87E-15 1.63E-12
SOSTDC1 -3.46 7.80 5.25E-18 1.16E-14
LIPF -3.43 12.00 1.17E-09 2.55E-08
KCNE2 -3.39 8.62 1.46E-15 6.46E-13
MFSD4 -3.39 9.04 4.17E-12 2.53E-10
VSIG1 -3.31 9.18 4.84E-12 2.85E-10
TFF2 -3.30 11.81 5.20E-12 3.04E-10
SPP1 3.28 7.53 2.34E-15 8.97E-13
DPCR1 -3.27 9.05 2.93E-12 1.94E-10
KCNJ16 -3.26 6.91 3.93E-12 2.41E-10
ESRRG -3.22 7.37 1.27E-11 6.24E-10
AKR1B10 -3.20 11.05 2.29E-11 9.84E-10
PSCA -3.18 10.45 5.97E-10 1.45E-08
MUC5AC -3.18 10.11 7.60E-12 4.13E-10
C6orf58 -3.17 8.06 4.79E-09 8.58E-08
KRT20 -3.17 9.42 3.33E-11 1.36E-09
CHIA -3.03 7.17 2.24E-07 2.27E-06
IL8 2.91 8.42 1.46E-12 1.11E-10
ADH1C -2.88 9.65 5.28E-11 2.02E-09
CPA2 -2.84 7.67 2.65E-11 1.12E-09
ANXA10 -2.81 10.60 8.01E-11 2.78E-09
LINC00261 -2.78 8.52 3.32E-16 2.01E-13
SCGB2A1 -2.78 7.03 5.40E-15 1.53E-12
CST1 2.72 5.74 2.50E-14 4.71E-12
CAPN9 -2.69 7.64 6.48E-17 5.87E-14
PGC -2.66 12.76 6.97E-10 1.65E-08
IGF2BP3 2.64 5.17 2.49E-14 4.71E-12
CTHRC1 2.64 8.35 8.11E-15 2.02E-12
CHI3L1 2.64 6.66 3.80E-14 6.42E-12
SULT1C2 -2.64 9.24 3.66E-11 1.48E-09
TMED6 -2.63 6.89 2.16E-09 4.28E-08
CLDN1 2.60 6.33 8.14E-18 1.47E-14
COL11A1 2.60 4.82 5.22E-12 3.04E-10

Appendix C.  Differentially expressed genes.  
Reference - normal, sample - intestinal gastric cancer
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COL8A1 2.59 6.49 6.55E-14 9.46E-12
VSIG2 -2.53 9.33 1.01E-12 8.17E-11
SSTR1 -2.52 7.35 1.60E-15 6.79E-13
FCGBP -2.51 9.30 3.40E-10 9.16E-09
HOXC6 2.50 5.75 9.86E-15 2.23E-12
MUC6 -2.49 9.14 5.65E-14 8.47E-12
MMP12 2.49 8.22 1.68E-09 3.49E-08
C16orf89 -2.48 7.19 3.88E-19 1.94E-15
ABCA8 -2.48 7.42 6.36E-16 3.34E-13
HPGD -2.46 9.93 8.08E-14 1.14E-11
MT1M -2.46 7.65 7.56E-13 6.43E-11
CXCL17 -2.44 9.87 2.10E-09 4.19E-08
ADH1B -2.43 7.78 7.77E-11 2.73E-09
REG1A -2.42 10.73 3.67E-07 3.45E-06
SULF1 2.41 7.75 2.71E-15 1.02E-12
AGXT2L1 -2.38 5.42 1.49E-07 1.60E-06
TFF1 -2.37 12.57 3.64E-09 6.72E-08
FAM3B -2.35 9.31 1.86E-09 3.77E-08
RARRES1 2.34 6.73 9.14E-11 3.10E-09
GPR64 -2.32 5.91 1.49E-16 1.10E-13
CYP2C18 -2.32 8.38 2.22E-12 1.57E-10
MSMB -2.31 7.91 1.20E-05 6.91E-05
SFRP4 2.29 6.23 1.27E-11 6.23E-10
FNDC1 2.29 4.98 2.40E-13 2.58E-11
MAMDC2 -2.27 6.11 3.42E-17 4.26E-14
MAGEA6 2.25 4.81 3.62E-06 2.46E-05
MAGEA3 2.24 5.01 4.00E-06 2.70E-05
CA2 -2.23 11.43 1.23E-11 6.10E-10
WISP1 2.23 4.83 9.26E-17 7.69E-14
UPK1B -2.20 6.49 9.96E-11 3.30E-09
GPR155 -2.20 7.73 1.12E-10 3.60E-09
SYTL5 -2.18 7.44 3.25E-11 1.34E-09
PLA2G2A 2.18 8.39 5.54E-07 4.91E-06
MMP7 2.17 7.75 1.21E-08 1.88E-07
CTSE -2.16 11.49 3.51E-09 6.51E-08
THBS2 2.16 7.45 2.04E-12 1.48E-10
MAL -2.15 7.12 7.53E-15 1.90E-12
AKR1C1 -2.15 10.95 8.09E-13 6.78E-11
KIAA1199 2.13 5.54 1.08E-13 1.44E-11
ERO1LB -2.12 6.85 1.32E-14 2.80E-12
MAP7D2 -2.11 6.45 1.62E-13 1.99E-11
ALDOB -2.10 8.45 1.93E-06 1.44E-05
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GHRL -2.10 8.13 3.17E-08 4.30E-07
LTF -2.10 9.57 6.56E-06 4.14E-05
CHGA -2.06 9.05 2.43E-12 1.69E-10
MMP3 2.06 6.70 5.61E-10 1.38E-08
REG3A -2.05 9.91 3.26E-04 1.17E-03
PIK3C2G -2.05 6.99 4.09E-14 6.78E-12
CCL20 2.05 7.63 1.31E-07 1.43E-06
TRIM50 -2.05 6.00 4.34E-10 1.12E-08
LEPR -2.04 7.04 2.47E-10 7.01E-09
AZGP1 -2.03 8.30 4.69E-08 6.01E-07
ALDH3A1 -2.01 8.17 3.31E-10 8.99E-09
CXCL10 2.00 7.54 1.90E-13 2.17E-11
LOC100505633 -2.00 8.02 9.24E-11 3.12E-09
LOC100128893 -1.99 8.26 8.46E-14 1.18E-11
KCNJ15 -1.99 6.93 8.09E-11 2.80E-09
FAP 1.98 6.09 5.21E-16 2.97E-13
CCKBR -1.98 6.81 2.73E-08 3.79E-07
CLCA1 -1.98 6.33 1.17E-04 4.88E-04
CA9 -1.98 8.41 1.76E-10 5.23E-09
CAPN8 -1.98 9.38 3.38E-10 9.13E-09
PDIA2 -1.98 7.19 2.86E-12 1.91E-10
CXCL5 1.96 8.08 1.50E-04 6.00E-04
C1orf132 -1.95 7.21 2.94E-16 1.89E-13
SLC26A9 -1.95 7.45 6.90E-10 1.64E-08
KIAA1324 -1.95 9.59 3.46E-09 6.44E-08
MYOC -1.95 6.14 9.40E-13 7.62E-11
DNER -1.93 5.38 8.60E-08 1.00E-06
SLC1A2 -1.93 5.66 3.70E-11 1.49E-09
CLIC6 -1.93 9.11 3.95E-06 2.67E-05
ADTRP -1.92 8.77 7.97E-09 1.33E-07
LIFR -1.92 8.04 5.80E-12 3.30E-10
MYRIP -1.92 5.87 7.16E-13 6.18E-11
CXCL1 1.92 6.90 1.46E-10 4.50E-09
LINC00675 -1.91 8.60 7.33E-12 4.02E-10
CKMT2 -1.91 6.31 1.36E-12 1.05E-10
AADAC -1.91 7.78 1.41E-10 4.36E-09
ADAMTS2 1.90 6.64 8.95E-14 1.23E-11
CLDN7 1.89 8.19 1.18E-08 1.84E-07
ARL14 -1.87 8.91 1.64E-09 3.43E-08
CXCL9 1.87 7.70 9.83E-10 2.20E-08
PKIB -1.87 7.82 4.69E-10 1.19E-08
BUB1 1.86 5.87 1.23E-14 2.65E-12
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Gene symbol logFC AveExpr P.Value adj.P.Val
SLC26A7 -1.86 4.49 1.77E-09 3.63E-08
WDR72 1.86 6.48 1.73E-05 9.47E-05
AJUBA 1.85 5.64 1.01E-20 6.71E-17
SCIN -1.84 6.63 3.74E-09 6.87E-08
SNX10 1.84 7.02 1.28E-16 9.81E-14
FBP2 -1.84 6.17 5.08E-18 1.16E-14
BCAS1 -1.83 7.69 4.10E-11 1.63E-09
UGT2B15 -1.83 7.46 2.15E-09 4.26E-08
PTPRZ1 -1.83 5.67 5.38E-12 3.12E-10
PLA2G7 1.83 6.45 4.74E-13 4.46E-11
PI3 1.83 7.82 2.26E-06 1.65E-05
MFAP2 1.83 6.94 1.79E-16 1.28E-13
CKB -1.82 8.52 3.77E-09 6.92E-08
PLAC8 -1.82 10.24 6.43E-08 7.86E-07
CLDN18 -1.82 11.34 5.33E-07 4.76E-06
RDH12 -1.81 6.05 1.44E-14 2.97E-12
KLK10 1.77 6.04 6.03E-07 5.27E-06
UBE2C 1.76 8.46 2.95E-14 5.46E-12
SLC2A12 -1.76 6.79 1.62E-08 2.42E-07
GAST -1.75 6.68 1.03E-04 4.37E-04
FABP4 -1.75 7.50 3.84E-07 3.58E-06
COL10A1 1.75 5.75 9.49E-12 4.90E-10
TCN1 -1.74 8.92 4.72E-05 2.24E-04
CXCL11 1.74 5.36 5.49E-08 6.88E-07
PSAPL1 -1.73 8.46 1.45E-15 6.46E-13
PRDM16 -1.73 6.33 5.38E-14 8.37E-12
RNASE1 -1.71 11.26 1.07E-15 5.18E-13
PTGER3 -1.71 5.84 2.12E-08 3.06E-07
METTL7A -1.71 10.88 1.48E-14 2.98E-12
CLDN4 1.70 7.35 7.06E-12 3.90E-10
RGS1 1.70 9.67 1.01E-06 8.19E-06
AKR7A3 -1.70 9.39 3.66E-14 6.25E-12
MEST 1.70 8.28 4.11E-14 6.78E-12
DPT -1.69 7.55 1.25E-12 9.83E-11
DEFA5 -1.69 6.43 4.65E-03 1.17E-02
CWH43 -1.69 5.88 3.02E-14 5.52E-12
IL1R2 -1.68 8.59 4.09E-08 5.31E-07
AGPAT9 -1.68 7.29 8.89E-17 7.69E-14
ANLN 1.67 6.77 9.64E-11 3.23E-09
DUOX2 -1.67 8.28 1.10E-04 4.63E-04
NEK2 1.67 6.18 9.33E-12 4.89E-10
COL12A1 1.66 9.29 6.14E-14 9.07E-12
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Gene symbol logFC AveExpr P.Value adj.P.Val
TNFRSF17 -1.65 7.24 2.07E-06 1.53E-05
C2orf40 -1.64 6.99 1.53E-06 1.18E-05
MAGEA12 1.64 4.51 2.75E-05 1.41E-04
SMIM6 -1.64 7.65 5.00E-15 1.49E-12
AKR1C2 -1.64 10.70 9.49E-11 3.19E-09
SLC16A7 -1.63 7.38 4.15E-09 7.56E-08
PBLD -1.63 9.38 5.33E-11 2.03E-09
BCL2A1 1.63 6.29 1.65E-09 3.43E-08
LRRC17 -1.62 6.32 1.68E-08 2.51E-07
GC -1.62 5.60 1.08E-05 6.35E-05
SLC28A2 -1.62 6.75 7.05E-05 3.16E-04
CYP2C9 -1.61 8.08 3.09E-12 2.04E-10
NUF2 1.61 5.72 2.08E-12 1.49E-10
HYAL1 -1.61 6.93 1.15E-11 5.80E-10
IGFBP2 -1.61 9.32 1.34E-09 2.88E-08
RASSF6 -1.61 8.71 2.15E-10 6.24E-09
SLC4A4 -1.61 8.32 3.31E-07 3.16E-06
CXCL2 1.60 8.20 1.02E-06 8.25E-06
ALDH1A1 -1.60 10.76 1.38E-07 1.50E-06
TPX2 1.59 7.33 2.75E-12 1.85E-10
ENTPD5 -1.59 8.27 5.78E-13 5.19E-11
PDILT -1.59 5.23 1.71E-08 2.53E-07
LYPD6B -1.58 7.37 8.32E-10 1.90E-08
LY6E 1.58 8.06 8.38E-16 4.18E-13
NID2 1.57 6.67 2.67E-16 1.78E-13
CLDN23 -1.57 7.95 7.06E-09 1.20E-07
CDH3 1.57 6.94 1.74E-13 2.06E-11
HMGCS2 -1.56 8.69 2.07E-06 1.53E-05
HRASLS2 -1.56 7.16 3.81E-06 2.58E-05
KAL1 1.55 5.41 5.41E-14 8.37E-12
CCRL1 -1.55 6.26 8.16E-10 1.88E-08
TMEM100 -1.55 6.77 9.31E-10 2.10E-08
ASPM 1.55 6.66 8.07E-10 1.86E-08
RAB27B -1.54 10.15 2.14E-11 9.29E-10
SCNN1B -1.54 5.82 4.11E-14 6.78E-12
CCKAR -1.53 6.32 4.05E-11 1.61E-09
CRISPLD1 1.53 4.52 1.01E-11 5.18E-10
IDO1 1.53 6.98 2.23E-06 1.63E-05
BGN 1.53 7.37 9.21E-13 7.50E-11
APOBEC1 -1.52 6.33 5.93E-08 7.32E-07
OLFML2B 1.52 6.45 6.48E-14 9.46E-12
ECT2 1.52 7.47 4.06E-12 2.47E-10
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Gene symbol logFC AveExpr P.Value adj.P.Val
B4GALNT3 -1.52 8.01 3.59E-15 1.26E-12
GREM2 -1.51 5.23 1.18E-10 3.77E-09
KIF23 1.51 5.42 1.60E-13 1.98E-11
PROM2 -1.51 8.11 7.13E-10 1.68E-08
ADH7 -1.51 4.77 1.28E-11 6.28E-10
ASPA -1.50 5.42 1.89E-15 7.71E-13
FCGR1B 1.50 5.63 5.65E-13 5.10E-11
ADAM28 -1.50 8.75 3.63E-09 6.70E-08
PDGFD -1.49 7.75 8.68E-12 4.63E-10
PRC1 1.49 7.41 1.40E-11 6.69E-10
MAD2L1 1.49 7.24 1.80E-10 5.30E-09
ADRB2 -1.49 6.17 1.43E-17 2.20E-14
ADAMTS12 1.49 5.78 1.22E-14 2.65E-12
OLFM4 1.49 9.31 1.82E-02 3.75E-02
APOE 1.49 8.11 4.99E-10 1.25E-08
HMGA2 1.48 5.03 3.39E-08 4.52E-07
PMAIP1 1.48 6.88 1.90E-09 3.85E-08
PAIP2B -1.48 6.46 3.31E-16 2.01E-13
HCAR3 1.48 4.92 2.63E-07 2.60E-06
RAB27A -1.48 9.78 4.42E-17 4.53E-14
POU2AF1 -1.48 9.15 1.52E-07 1.62E-06
XK -1.48 7.62 5.85E-10 1.43E-08
ALDH6A1 -1.48 8.07 4.25E-15 1.35E-12
GDF15 1.47 7.57 2.86E-10 7.92E-09
AMPD1 -1.47 5.33 3.60E-12 2.28E-10
CGNL1 -1.47 7.07 5.25E-09 9.26E-08
MMP9 1.47 7.29 9.83E-11 3.27E-09
HOXC10 1.47 5.14 5.95E-10 1.45E-08
FMO5 -1.46 7.27 3.67E-09 6.75E-08
VILL -1.46 8.29 2.94E-10 8.12E-09
SCNN1A -1.46 9.07 1.76E-06 1.33E-05
HDC -1.46 6.23 7.84E-11 2.74E-09
CFD -1.46 8.58 6.98E-09 1.18E-07
EPN3 -1.45 7.25 6.51E-13 5.72E-11
ZBTB7C -1.45 7.60 2.20E-12 1.55E-10
SH3GL2 -1.45 4.11 8.61E-08 1.01E-06
SERPINE1 1.45 7.27 3.94E-09 7.21E-08
CYSTM1 -1.44 12.19 5.38E-12 3.12E-10
RGMB -1.44 8.62 3.70E-12 2.32E-10
TMEM158 1.44 6.14 1.34E-13 1.74E-11
LRRC66 -1.44 5.78 4.72E-08 6.03E-07
MAOA -1.44 9.38 4.71E-10 1.19E-08
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Gene symbol logFC AveExpr P.Value adj.P.Val
GINS1 1.44 6.79 3.11E-11 1.30E-09
GPER -1.43 6.55 1.55E-10 4.73E-09
C1orf116 -1.43 8.54 1.16E-07 1.29E-06
LGR5 1.43 5.39 8.71E-06 5.29E-05
SFRP1 -1.43 6.67 2.28E-05 1.20E-04
SCARA5 -1.43 6.71 6.54E-14 9.46E-12
SULT1B1 -1.43 6.77 2.91E-12 1.93E-10
IFI6 1.43 8.19 8.34E-09 1.39E-07
GALNT6 -1.43 9.07 8.07E-08 9.52E-07
ATP11A 1.43 7.72 5.98E-11 2.24E-09
KLK11 -1.42 7.67 8.70E-06 5.29E-05
LAMP3 1.42 6.52 2.20E-10 6.35E-09
CEP55 1.42 6.64 1.11E-08 1.76E-07
GCNT2 -1.42 7.34 1.46E-11 6.91E-10
SPARC 1.42 10.73 5.00E-15 1.49E-12
FAM46C -1.42 9.39 2.06E-11 9.02E-10
AKR1C3 -1.42 11.24 1.07E-07 1.21E-06
COL5A2 1.42 8.97 1.35E-13 1.74E-11
BUB1B 1.42 6.95 9.17E-10 2.07E-08
KIF14 1.41 6.49 2.94E-11 1.24E-09
TIMP1 1.41 10.91 8.26E-16 4.18E-13
CDH11 1.41 8.48 2.29E-10 6.58E-09
SERPINH1 1.41 8.54 1.76E-18 5.84E-15
UBE2S 1.41 7.78 4.97E-16 2.92E-13
CXCL3 1.41 7.39 1.86E-05 1.01E-04
C7 -1.40 7.54 1.44E-05 8.07E-05
ST6GALNAC1 -1.40 9.17 3.25E-07 3.11E-06
PRIMA1 -1.40 6.68 4.32E-11 1.70E-09
MTHFD1L 1.39 6.81 1.37E-13 1.75E-11
ZNF385B -1.39 5.56 4.16E-08 5.39E-07
SRPX -1.38 7.51 4.30E-08 5.56E-07
EPB41L4B -1.38 9.59 3.84E-11 1.54E-09
IL32 1.38 8.91 7.15E-10 1.68E-08
CEACAM7 1.38 6.38 1.12E-03 3.41E-03
RASGEF1A 1.38 5.13 1.65E-07 1.75E-06
LEF1 1.38 6.65 8.21E-12 4.41E-10
DMD -1.38 6.95 1.53E-09 3.23E-08
LOC400043 -1.38 8.89 9.00E-09 1.47E-07
ID4 -1.38 8.36 7.07E-13 6.13E-11
LIPG 1.38 5.84 9.77E-08 1.12E-06
FER1L4 -1.38 7.99 4.33E-11 1.70E-09
TOP2A 1.37 7.99 5.49E-06 3.55E-05
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Gene symbol logFC AveExpr P.Value adj.P.Val
MT1G -1.37 10.91 1.20E-10 3.81E-09
NFE2L3 1.37 6.17 1.09E-14 2.39E-12
CENPF 1.37 7.41 1.75E-13 2.06E-11
PMEPA1 1.37 8.02 2.66E-10 7.42E-09
KIF4A 1.37 6.14 7.01E-12 3.88E-10
IGJ -1.37 12.43 1.07E-07 1.21E-06
GPX3 -1.37 9.37 1.40E-11 6.69E-10
SLC39A10 1.36 6.76 1.35E-14 2.84E-12
CYP4X1 -1.36 6.59 3.46E-07 3.28E-06
CDH17 1.36 8.18 8.49E-03 1.96E-02
THY1 1.35 7.64 5.96E-15 1.63E-12
TRIP13 1.35 6.60 1.81E-13 2.11E-11
P2RY14 -1.35 7.26 1.43E-09 3.05E-08
F2RL2 1.35 6.12 2.11E-09 4.19E-08
ADAMTS15 -1.35 6.04 4.09E-13 3.98E-11
FBXL13 -1.34 4.67 6.63E-09 1.13E-07
SMIM5 -1.34 7.34 1.91E-21 1.91E-17
PLAU 1.34 7.47 1.69E-13 2.05E-11
C19orf77 -1.34 9.30 2.94E-06 2.06E-05
C3 1.34 9.88 8.05E-07 6.75E-06
AFF3 -1.34 5.25 1.30E-11 6.33E-10
COL6A3 1.34 10.30 1.75E-09 3.61E-08
CCNB1 1.34 7.40 3.82E-08 5.02E-07
CD36 -1.33 7.21 8.47E-11 2.91E-09
PTPRN2 -1.33 7.75 3.47E-10 9.32E-09
TNFRSF11B 1.33 4.83 6.83E-06 4.29E-05
MFI2 1.33 6.40 7.76E-10 1.80E-08
TRIM29 1.33 7.04 3.26E-07 3.12E-06
CDC20 1.33 7.35 2.22E-08 3.17E-07
TDO2 1.33 5.26 4.85E-10 1.22E-08
TMEM185B 1.33 6.35 4.54E-17 4.53E-14
MMP11 1.32 7.23 1.15E-13 1.52E-11
KCNJ2 1.32 6.56 1.01E-09 2.26E-08
FGD4 -1.32 9.62 2.12E-13 2.34E-11
LYVE1 -1.32 6.37 1.07E-09 2.36E-08
NTN4 -1.32 7.78 1.96E-14 3.83E-12
CKAP2 1.32 6.94 8.42E-14 1.18E-11
WIPF3 -1.32 6.89 5.92E-07 5.19E-06
ISL1 -1.32 6.89 2.09E-12 1.50E-10
CDCA7 1.32 8.18 1.68E-06 1.28E-05
SERPINB9 1.32 7.28 6.29E-10 1.52E-08
DUOX1 -1.31 5.91 3.90E-09 7.14E-08
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WNT5A 1.31 7.14 2.76E-12 1.85E-10
MT1F -1.31 10.07 6.47E-11 2.38E-09
FN1 1.31 10.70 1.39E-06 1.09E-05
COL4A5 -1.31 7.41 9.47E-09 1.53E-07
CDCA5 1.31 6.42 3.46E-14 6.00E-12
DTL 1.30 6.52 4.74E-09 8.51E-08
GHR -1.30 5.20 2.09E-08 3.01E-07
KRT7 1.30 6.66 1.18E-05 6.81E-05
FLJ42875 -1.30 7.43 8.30E-13 6.86E-11
SIDT2 -1.30 9.92 5.40E-17 5.13E-14
SYTL2 -1.30 9.87 4.33E-12 2.62E-10
ARHGEF37 -1.29 7.52 3.11E-12 2.04E-10
GGH 1.29 7.57 3.55E-11 1.44E-09
CXCL6 1.29 4.24 1.54E-06 1.19E-05
TNFSF4 1.29 4.55 2.12E-12 1.51E-10
SLC2A3 1.29 7.37 6.09E-07 5.32E-06
MCM10 1.29 4.84 4.50E-14 7.23E-12
BAMBI 1.29 6.73 3.03E-07 2.94E-06
PDK4 -1.29 8.84 2.08E-07 2.13E-06
ADAMDEC1 1.29 7.06 3.66E-05 1.80E-04
SULF2 1.29 8.19 4.60E-10 1.18E-08
OTC -1.29 4.87 9.66E-06 5.78E-05
LOXL2 1.28 7.98 2.71E-13 2.86E-11
GPNMB 1.28 9.55 1.65E-06 1.26E-05
RAB31 1.28 8.65 6.81E-11 2.47E-09
ODAM -1.28 5.98 8.70E-06 5.29E-05
NR3C2 -1.28 7.31 1.41E-11 6.70E-10
FOXM1 1.28 6.47 3.67E-10 9.75E-09
MS4A8B -1.28 6.55 6.62E-07 5.73E-06
NNMT 1.27 9.05 1.76E-06 1.33E-05
GJB2 1.27 7.68 1.07E-06 8.59E-06
OGN -1.27 6.93 1.14E-03 3.46E-03
CDC25B 1.27 8.58 1.94E-12 1.41E-10
ATAD2 1.27 6.83 5.30E-15 1.53E-12
DEFA6 -1.27 6.67 7.62E-03 1.79E-02
FCER1G 1.27 7.65 3.07E-10 8.46E-09
MLPH -1.26 10.34 4.89E-07 4.42E-06
IFI44L 1.26 6.97 6.47E-06 4.09E-05
LNX1 -1.26 7.70 3.51E-10 9.43E-09
RNA45S5 1.26 7.63 2.53E-06 1.81E-05
ATP8A1 -1.26 7.66 5.91E-11 2.21E-09
RFX6 -1.26 5.10 3.59E-07 3.38E-06
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TNFAIP6 1.26 6.50 1.22E-06 9.75E-06
TPD52L1 -1.26 8.84 9.93E-07 8.06E-06
TGM2 1.25 7.66 1.00E-10 3.31E-09
RCAN2 -1.25 8.03 8.18E-12 4.41E-10
LONRF2 -1.25 4.92 2.05E-09 4.12E-08
FKBP1B -1.25 7.76 1.42E-08 2.16E-07
KIF26B 1.25 5.41 2.13E-11 9.26E-10
FA2H -1.24 8.24 3.11E-08 4.23E-07
CKS2 1.24 8.96 4.98E-09 8.86E-08
PGM2L1 1.24 6.95 1.55E-12 1.17E-10
SPAG16 -1.24 6.93 1.87E-11 8.36E-10
NDC80 1.24 6.16 5.81E-09 1.01E-07
ANG -1.24 8.48 5.71E-11 2.15E-09
KIF2C 1.24 7.14 3.10E-10 8.53E-09
KIF20A 1.24 6.06 1.13E-11 5.70E-10
STIL 1.23 6.83 1.03E-11 5.24E-10
UBE2T 1.23 7.09 5.53E-11 2.10E-09
TTK 1.23 6.30 1.01E-08 1.62E-07
DLGAP5 1.23 6.33 6.13E-08 7.53E-07
BIRC5 1.23 7.00 5.09E-10 1.27E-08
MCM2 1.23 7.62 9.06E-14 1.24E-11
FAM150B -1.23 4.65 6.14E-11 2.27E-09
ELOVL6 -1.23 7.92 1.46E-07 1.57E-06
ADIRF -1.23 8.71 2.66E-08 3.70E-07
TGIF1 1.22 8.02 1.52E-18 5.84E-15
MRAP2 -1.22 6.83 2.41E-07 2.41E-06
PRKACB -1.22 9.42 8.49E-14 1.18E-11
TYMS 1.22 8.95 2.69E-10 7.49E-09
PIK3AP1 1.22 7.74 1.19E-12 9.43E-11
TRIB3 1.22 6.63 7.88E-12 4.27E-10
PP7080 -1.22 8.14 9.61E-05 4.12E-04
FAM26F 1.22 7.33 6.65E-06 4.20E-05
CEBPB 1.22 10.32 1.45E-12 1.11E-10
ITGB2 1.21 7.59 1.43E-08 2.16E-07
COL4A1 1.21 10.05 4.22E-13 4.06E-11
HOXB7 1.21 7.19 5.76E-07 5.07E-06
CLDN3 1.21 8.00 3.35E-06 2.31E-05
MTFR2 1.21 5.58 3.16E-11 1.31E-09
SORBS1 -1.21 8.34 3.23E-06 2.23E-05
HEPACAM2 -1.21 5.91 1.69E-04 6.67E-04
COL4A6 -1.21 5.99 8.45E-09 1.40E-07
CDC6 1.21 5.12 1.43E-08 2.16E-07
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KLK6 1.21 5.41 2.29E-06 1.67E-05
CYP3A5 -1.20 9.84 4.41E-06 2.94E-05
ADHFE1 -1.20 7.24 1.74E-12 1.30E-10
DGKD -1.20 8.58 9.20E-15 2.14E-12
PPP2R3A -1.20 7.70 4.06E-10 1.06E-08
ZG16 -1.20 5.60 7.32E-05 3.26E-04
ENTPD3 -1.20 5.89 3.04E-09 5.72E-08
TPH1 -1.20 4.90 1.76E-06 1.33E-05
PXMP2 -1.20 8.13 1.33E-11 6.45E-10
ABCC5 -1.20 8.53 1.76E-14 3.48E-12
MT1E -1.20 11.53 1.42E-10 4.39E-09
TCEA3 -1.20 8.63 7.89E-09 1.32E-07
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Appendix D.  Differentially expressed genes.  
Reference -normal, sample - diffuse gastric cancer

Gene symbol logFC AveExpr P.Value adj.P.Val
ATP4B -4.18 9.37 3.36E-09 7.84E-08
INHBA 4.12 6.97 1.00E-29 2.00E-25
GIF -3.96 10.25 7.33E-09 1.51E-07
ATP4A -3.90 9.09 3.92E-10 1.34E-08
COL8A1 3.88 6.94 2.48E-25 9.91E-22
SFRP4 3.76 6.78 7.71E-21 6.35E-18
AQP4 -3.57 6.03 1.98E-10 7.61E-09
GKN2 -3.53 11.93 5.31E-10 1.68E-08
ESRRG -3.43 7.42 2.03E-12 1.70E-10
KCNJ16 -3.32 7.04 2.88E-11 1.53E-09
FUT9 -3.20 8.23 8.75E-13 8.28E-11
MFSD4 -3.20 9.29 1.18E-10 4.97E-09
CHIA -3.20 7.24 1.09E-07 1.40E-06
THBS4 3.07 7.79 5.36E-16 1.55E-13
GKN1 -3.06 12.70 6.22E-09 1.32E-07
KCNE2 -3.05 8.93 3.41E-12 2.62E-10
CTHRC1 3.05 8.40 3.87E-20 2.71E-17
SPP1 2.99 7.24 1.21E-13 1.61E-11
FNDC1 2.99 5.18 3.88E-21 3.87E-18
THBS2 2.92 7.69 2.43E-20 1.80E-17
SST -2.90 8.56 1.50E-11 8.85E-10
SULF1 2.90 7.85 6.99E-22 8.20E-19
WISP1 2.87 5.01 2.25E-27 2.24E-23
CPA2 -2.86 7.80 7.28E-11 3.31E-09
LIPF -2.82 12.44 2.27E-08 3.82E-07
FAP 2.79 6.35 1.34E-26 7.94E-23
SOSTDC1 -2.78 8.27 4.70E-12 3.34E-10
KRT20 -2.76 9.76 5.76E-10 1.81E-08
REG3A -2.75 9.70 1.64E-06 1.36E-05
CRISPLD1 2.68 4.96 2.24E-18 1.17E-15
C6orf58 -2.68 8.43 5.80E-06 3.96E-05
CXCL17 -2.66 9.89 7.41E-12 4.90E-10
TMED6 -2.57 7.05 6.18E-09 1.31E-07
LINC00261 -2.53 8.77 8.20E-12 5.22E-10
AGXT2L1 -2.52 5.48 5.71E-08 8.12E-07
PGC -2.51 12.96 1.94E-09 5.01E-08
AZGP1 -2.50 8.18 3.31E-13 3.57E-11
ASPN 2.49 9.43 7.38E-21 6.35E-18
PSCA -2.48 10.91 2.92E-08 4.65E-07
TFF2 -2.43 12.36 1.75E-08 3.12E-07
ADAMTS2 2.42 6.78 1.59E-26 7.94E-23



327

Appendix D continued.
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SCGB2A1 -2.39 7.34 1.45E-10 5.86E-09
VSIG1 -2.37 9.76 5.23E-08 7.56E-07
DPCR1 -2.36 9.62 2.54E-07 2.86E-06
CLDN1 2.36 6.10 9.35E-17 3.23E-14
LTF -2.35 9.55 5.69E-07 5.55E-06
MUC5AC -2.32 10.64 1.30E-07 1.63E-06
BGN 2.31 7.65 5.10E-23 1.35E-19
IL8 2.31 8.01 1.60E-09 4.33E-08
GREM1 2.29 9.63 5.35E-10 1.69E-08
REG1A -2.28 10.91 6.95E-08 9.54E-07
ADTRP -2.26 8.71 2.84E-11 1.52E-09
CLIC6 -2.25 9.06 1.04E-07 1.34E-06
PRRX1 2.23 7.25 6.82E-18 3.16E-15
MAP7D2 -2.23 6.49 2.03E-14 3.79E-12
CCKBR -2.20 6.81 3.86E-11 1.96E-09
SPOCK1 2.20 6.03 1.83E-16 5.80E-14
CAPN9 -2.20 7.99 1.55E-10 6.18E-09
KIAA1199 2.18 5.46 3.56E-17 1.45E-14
HPGD -2.18 10.17 3.86E-12 2.89E-10
KAL1 2.17 5.61 1.65E-22 2.99E-19
SLC26A9 -2.16 7.46 8.31E-12 5.26E-10
VSIG2 -2.15 9.62 1.15E-10 4.88E-09
RARRES1 2.15 6.54 4.74E-12 3.36E-10
TRIM50 -2.15 6.05 5.12E-10 1.63E-08
KCNJ15 -2.14 6.95 5.17E-12 3.57E-10
SSTR1 -2.14 7.64 1.91E-11 1.08E-09
AKR1B10 -2.13 11.68 5.13E-08 7.44E-07
CDH11 2.13 8.74 1.95E-21 2.04E-18
MSMB -2.13 8.10 9.35E-05 4.22E-04
HOXC6 2.11 5.46 1.06E-12 9.76E-11
OLFML2B 2.11 6.64 1.19E-18 6.41E-16
COL11A1 2.05 4.46 1.80E-10 6.95E-09
ALDOB -2.05 8.57 5.20E-06 3.61E-05
FAM3B -2.05 9.56 2.38E-09 5.95E-08
ITGBL1 2.03 7.20 1.49E-14 2.89E-12
SFRP2 2.02 9.37 3.43E-07 3.65E-06
GUCY1A3 2.00 7.89 1.05E-15 2.79E-13
DNER -1.99 5.45 6.77E-08 9.32E-07
COL6A3 1.99 10.52 2.63E-19 1.64E-16
COL10A1 1.98 5.76 2.28E-13 2.69E-11
GPNMB 1.97 9.80 1.73E-11 1.00E-09
GC -1.97 5.52 6.81E-09 1.42E-07
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CYP2C18 -1.97 8.64 9.20E-09 1.83E-07
PDIA2 -1.95 7.29 7.14E-12 4.75E-10
EPHA3 1.95 5.77 4.65E-12 3.34E-10
ERO1LB -1.95 7.03 2.90E-13 3.22E-11
DUOX2 -1.94 8.24 8.28E-07 7.56E-06
MT1M -1.94 8.00 5.17E-08 7.49E-07
NID2 1.94 6.76 3.72E-22 5.04E-19
KIAA1324 -1.92 9.69 2.99E-10 1.06E-08
SULT1C2 -1.92 9.68 1.49E-06 1.26E-05
CA9 -1.92 8.53 2.85E-10 1.02E-08
MUC6 -1.91 9.52 2.71E-08 4.39E-07
GHRL -1.91 8.32 1.79E-06 1.47E-05
MFAP2 1.90 6.88 1.69E-21 1.88E-18
SLC1A2 -1.90 5.76 3.07E-10 1.08E-08
LINC00675 -1.90 8.70 4.54E-11 2.25E-09
SCRG1 1.89 6.32 1.79E-08 3.17E-07
EDNRA 1.89 7.70 4.19E-19 2.39E-16
ANXA10 -1.88 11.15 5.42E-07 5.32E-06
C3 1.87 10.05 3.60E-09 8.35E-08
AHNAK2 1.86 7.23 1.50E-09 4.11E-08
DIO2 1.84 7.53 1.17E-15 3.05E-13
SPARC 1.84 10.85 4.39E-25 1.46E-21
MIR100HG 1.84 6.47 9.81E-09 1.94E-07
LOC100128893 -1.84 8.43 8.46E-11 3.74E-09
SYTL5 -1.83 7.70 2.54E-07 2.86E-06
SLC2A12 -1.83 6.84 1.18E-09 3.34E-08
UGT2B15 -1.83 7.55 2.33E-08 3.90E-07
CHGA -1.83 9.25 3.76E-10 1.30E-08
APOE 1.82 8.19 2.18E-14 3.98E-12
THY1 1.82 7.78 5.51E-23 1.35E-19
CA2 -1.82 11.72 2.59E-08 4.24E-07
NNMT 1.82 9.23 5.54E-11 2.63E-09
FCGBP -1.81 9.73 1.49E-05 8.79E-05
LOX 1.81 6.50 2.74E-22 4.55E-19
GPR64 -1.81 6.25 1.06E-09 3.06E-08
BICC1 1.81 5.97 5.14E-17 1.93E-14
CST1 1.81 5.20 8.80E-08 1.16E-06
POU2AF1 -1.80 9.08 3.24E-07 3.49E-06
THBS1 1.80 8.24 1.53E-08 2.77E-07
FN1 1.79 10.85 1.67E-12 1.46E-10
COL12A1 1.79 9.27 3.01E-18 1.50E-15
MAL -1.78 7.39 1.41E-11 8.43E-10
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CCDC80 1.78 8.64 7.92E-08 1.06E-06
TCN1 -1.78 8.99 5.49E-06 3.79E-05
GABRP 1.77 6.25 1.48E-05 8.77E-05
PLA2G7 1.77 6.34 6.80E-12 4.57E-10
TIMP1 1.77 11.00 5.70E-22 7.11E-19
ADH1C -1.76 10.29 1.42E-05 8.47E-05
COL5A2 1.76 9.05 3.79E-22 5.04E-19
F2RL2 1.75 6.23 5.44E-13 5.40E-11
NOX4 1.74 4.56 4.14E-21 3.94E-18
ALDH3A1 -1.74 8.39 3.86E-09 8.84E-08
SLC26A7 -1.74 4.63 2.73E-08 4.41E-07
TFF1 -1.73 12.97 1.39E-06 1.19E-05
PP7080 -1.73 7.97 2.84E-08 4.55E-07
CHRDL2 1.73 6.23 4.21E-11 2.11E-09
MSR1 1.73 5.12 1.52E-19 1.01E-16
RAB31 1.72 8.78 1.44E-16 4.71E-14
FAM83D 1.71 7.96 5.75E-10 1.81E-08
PSAPL1 -1.71 8.56 2.89E-14 4.94E-12
HMCN1 1.71 6.01 4.84E-13 4.88E-11
WDR72 1.71 6.32 7.20E-05 3.37E-04
AEBP1 1.70 8.95 4.35E-16 1.31E-13
NRXN3 1.70 6.27 5.94E-07 5.73E-06
MMP3 1.70 6.43 4.30E-06 3.08E-05
PMEPA1 1.70 8.10 7.00E-16 1.94E-13
HRASLS2 -1.69 7.17 5.51E-07 5.40E-06
PIK3C2G -1.68 7.26 1.85E-09 4.87E-08
FGA -1.67 6.47 1.97E-08 3.41E-07
FBXO32 1.67 7.35 1.64E-08 2.93E-07
LEF1 1.67 6.71 1.73E-17 7.68E-15
ISLR 1.66 6.98 1.58E-13 2.01E-11
CHI3L1 1.66 6.09 1.47E-05 8.70E-05
SERPINE2 1.66 8.13 4.26E-17 1.66E-14
LOC100505633 -1.66 8.27 1.07E-07 1.39E-06
GPR155 -1.65 8.08 9.57E-07 8.59E-06
PBLD -1.65 9.45 4.65E-10 1.52E-08
PKIB -1.65 8.00 1.61E-08 2.88E-07
PLXDC2 1.64 6.27 6.10E-23 1.35E-19
AQP1 1.64 8.40 1.54E-10 6.16E-09
DES 1.64 8.42 3.87E-05 1.98E-04
PDILT -1.63 5.29 2.15E-08 3.65E-07
C16orf89 -1.63 7.69 8.11E-10 2.43E-08
GUCY1B3 1.63 7.69 1.02E-13 1.43E-11
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MGP 1.63 11.06 9.40E-08 1.23E-06
RGS1 1.62 9.55 1.86E-05 1.06E-04
BAG2 1.62 6.59 2.73E-09 6.62E-08
DACT1 1.62 6.65 7.71E-15 1.55E-12
RDH12 -1.61 6.23 1.74E-10 6.80E-09
SYNC 1.61 5.58 4.00E-09 9.11E-08
TNFRSF17 -1.60 7.35 4.30E-05 2.17E-04
FCGR1B 1.60 5.60 3.36E-15 7.35E-13
MEOX2 1.60 4.17 6.28E-11 2.94E-09
MMP7 1.59 7.38 1.19E-05 7.25E-05
KLK10 1.58 5.87 7.44E-06 4.89E-05
AKR1C1 -1.58 11.32 1.26E-08 2.37E-07
KRT7 1.58 6.72 2.15E-06 1.71E-05
FBN1 1.58 9.35 2.81E-15 6.22E-13
DPYSL3 1.58 8.39 1.19E-10 5.00E-09
RAP1GAP -1.57 7.74 1.26E-09 3.53E-08
COL5A1 1.57 8.99 3.94E-20 2.71E-17
UPK1B -1.57 6.89 2.98E-05 1.59E-04
HEYL 1.56 6.28 2.05E-17 8.91E-15
ANTXR1 1.56 8.85 4.71E-16 1.38E-13
OLR1 1.56 4.12 1.72E-15 4.14E-13
AKR7A3 -1.56 9.53 2.20E-14 3.99E-12
TMEM158 1.55 6.13 2.16E-14 3.98E-12
FBP2 -1.55 6.39 3.92E-12 2.91E-10
EPN3 -1.55 7.28 1.74E-14 3.27E-12
CKMT2 -1.55 6.56 4.15E-09 9.36E-08
CTSK 1.55 9.20 1.02E-17 4.64E-15
ALDH1A1 -1.55 10.86 7.91E-10 2.38E-08
COL1A2 1.55 11.95 8.49E-21 6.51E-18
SCNN1B -1.54 5.90 4.58E-12 3.32E-10
VCAN 1.54 10.02 3.14E-22 4.81E-19
LOC100509635 1.54 7.47 4.57E-16 1.36E-13
PRDM16 -1.53 6.50 5.50E-12 3.78E-10
FMO5 -1.53 7.31 2.47E-11 1.36E-09
MYL9 1.53 9.59 5.84E-07 5.66E-06
IGJ -1.53 12.43 1.59E-05 9.30E-05
BCAS1 -1.53 7.91 8.12E-09 1.64E-07
APOBEC1 -1.53 6.40 1.14E-07 1.46E-06
GATA5 -1.53 5.26 4.52E-14 7.27E-12
PDGFRB 1.53 7.60 7.96E-21 6.35E-18
CWH43 -1.53 6.03 5.50E-11 2.62E-09
FCGR2A 1.53 7.02 2.90E-14 4.94E-12
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GXYLT2 1.52 5.98 1.59E-11 9.28E-10
GEM 1.52 8.99 1.66E-09 4.46E-08
SNX10 1.52 6.79 1.59E-12 1.41E-10
BNC2 1.51 6.05 6.99E-12 4.68E-10
HEPH 1.51 7.90 5.31E-06 3.68E-05
RASSF8 1.51 5.63 1.30E-11 7.81E-10
MYRIP -1.51 6.14 2.49E-09 6.15E-08
PTPRZ1 -1.50 5.91 1.83E-08 3.22E-07
LPPR4 1.49 4.52 9.25E-14 1.32E-11
IGFBP2 -1.49 9.45 3.65E-11 1.88E-09
MGC24103 1.49 5.43 4.43E-13 4.54E-11
FAM46C -1.49 9.43 2.28E-08 3.84E-07
SMIM6 -1.49 7.79 1.77E-11 1.02E-09
GPT2 -1.49 6.95 1.26E-15 3.14E-13
TYROBP 1.48 8.28 7.61E-13 7.34E-11
C19orf77 -1.48 9.30 5.98E-07 5.77E-06
OMD 1.47 5.64 2.30E-07 2.63E-06
LYPD6B -1.47 7.50 3.95E-08 5.97E-07
HYAL1 -1.47 7.07 1.46E-12 1.30E-10
CPXM2 1.47 7.16 1.22E-09 3.44E-08
KLHL29 1.47 6.31 7.03E-14 1.03E-11
KLK11 -1.46 7.72 4.79E-06 3.37E-05
CCKAR -1.46 6.42 4.05E-09 9.17E-08
ADAMTS12 1.46 5.69 6.43E-16 1.83E-13
AKR1C2 -1.45 10.86 3.85E-08 5.86E-07
DUOX1 -1.45 5.91 3.04E-10 1.07E-08
CLDN18 -1.45 11.60 8.35E-06 5.39E-05
GDF15 1.45 7.49 3.83E-10 1.31E-08
RASGEF1A 1.44 5.09 3.02E-10 1.07E-08
SLC28A2 -1.44 6.90 5.55E-04 1.92E-03
EGR2 1.44 6.75 5.04E-12 3.51E-10
GPRC5C -1.44 7.99 1.10E-11 6.76E-10
SCIN -1.43 6.91 1.20E-06 1.04E-05
CD109 1.43 6.18 1.47E-13 1.88E-11
ENPP5 -1.42 4.96 1.21E-06 1.05E-05
FSTL1 1.42 10.04 1.02E-16 3.38E-14
TMPRSS2 -1.42 9.65 5.34E-11 2.57E-09
CLDN7 1.42 7.89 1.64E-05 9.55E-05
IRX3 -1.42 6.97 5.57E-13 5.50E-11
SH3GL2 -1.42 4.20 3.23E-07 3.48E-06
RFTN1 1.42 8.18 7.63E-15 1.55E-12
SLC16A7 -1.41 7.56 3.34E-07 3.58E-06
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BEX5 -1.41 7.05 6.75E-08 9.30E-07
F2R 1.41 7.31 4.18E-19 2.39E-16
ADH7 -1.40 4.89 5.74E-09 1.24E-07
ALDH1A3 1.40 8.30 2.85E-14 4.94E-12
C1R 1.40 9.55 1.45E-12 1.30E-10
DNM3OS 1.40 5.14 3.78E-12 2.86E-10
B4GALNT3 -1.39 8.14 9.86E-12 6.09E-10
EPB41L4B -1.39 9.65 1.01E-12 9.50E-11
LAYN 1.39 5.88 3.49E-11 1.80E-09
OSR2 1.39 4.89 6.72E-11 3.11E-09
CXCL1 1.39 6.57 7.78E-07 7.18E-06
IGF1 1.38 7.52 6.27E-06 4.24E-05
SELENBP1 -1.38 9.05 1.79E-12 1.54E-10
C1QB 1.37 8.64 1.36E-08 2.52E-07
COL4A1 1.37 10.06 2.38E-17 9.90E-15
LIFR -1.37 8.38 3.15E-09 7.43E-08
SMOC2 1.37 8.41 1.93E-05 1.09E-04
CXCL5 1.37 7.72 6.92E-03 1.64E-02
ADAM28 -1.37 8.88 2.07E-08 3.56E-07
COL14A1 1.37 7.92 5.55E-06 3.82E-05
IGF2BP3 1.37 4.48 1.63E-06 1.36E-05
ALDH6A1 -1.37 8.19 1.99E-13 2.43E-11
FA2H -1.37 8.25 6.34E-09 1.33E-07
PAIP2B -1.37 6.58 2.01E-13 2.43E-11
HOMER2 -1.37 5.48 3.81E-12 2.87E-10
RASSF6 -1.37 8.90 5.22E-09 1.14E-07
MNDA 1.36 6.56 4.17E-07 4.28E-06
IGHM -1.36 11.41 4.32E-04 1.55E-03
DOK5 1.36 4.88 2.31E-15 5.24E-13
SERPINF1 1.36 9.71 5.36E-11 2.57E-09
SERPINB5 1.36 7.88 2.05E-03 5.86E-03
SYNM 1.36 8.99 3.96E-04 1.44E-03
FAM26F 1.36 7.34 3.15E-07 3.40E-06
APOB -1.36 5.94 5.01E-03 1.25E-02
CKB -1.35 8.82 5.15E-07 5.11E-06
APOBEC2 -1.35 6.40 3.31E-11 1.73E-09
PDGFD -1.35 7.89 9.59E-10 2.80E-08
CTSE -1.35 11.96 4.19E-05 2.12E-04
TPM2 1.35 10.12 2.17E-06 1.72E-05
CLEC11A 1.34 6.25 6.03E-17 2.19E-14
PNLIPRP2 -1.34 5.72 3.70E-04 1.36E-03
AKR1C3 -1.34 11.34 3.57E-06 2.64E-05
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SERPING1 1.34 8.83 4.18E-11 2.11E-09
CAPN8 -1.34 9.75 2.75E-06 2.12E-05
HAVCR2 1.34 6.75 2.64E-14 4.61E-12
IRX2 -1.33 6.73 2.26E-05 1.25E-04
PCOLCE 1.33 8.15 4.84E-14 7.67E-12
CYP4X1 -1.33 6.67 1.70E-06 1.40E-05
SERPINH1 1.33 8.43 3.20E-19 1.93E-16
PLXNC1 1.33 7.18 9.64E-10 2.82E-08
RUNX1T1 1.33 6.70 2.12E-08 3.61E-07
NAP1L3 1.32 4.68 3.44E-11 1.78E-09
TTC39A -1.32 7.57 1.97E-08 3.41E-07
SLC2A3 1.32 7.32 7.98E-07 7.32E-06
MT1G -1.32 11.00 1.03E-08 2.01E-07
TWIST1 1.32 5.26 1.86E-10 7.17E-09
VCAM1 1.32 7.80 1.12E-08 2.16E-07
MGAM -1.32 5.39 5.57E-06 3.83E-05
PKDCC 1.32 8.07 1.66E-09 4.46E-08
TNC 1.31 8.67 2.27E-07 2.61E-06
MYRF -1.31 8.89 2.19E-10 8.19E-09
LTBP2 1.31 7.64 1.29E-14 2.53E-12
RAI14 1.31 7.90 3.92E-17 1.56E-14
FOXA2 -1.31 7.64 9.60E-09 1.90E-07
LOC400043 -1.31 8.98 1.58E-08 2.85E-07
FMO1 1.30 5.37 4.35E-12 3.17E-10
CNN1 1.30 9.20 8.31E-05 3.83E-04
COL3A1 1.30 12.35 9.21E-23 1.84E-19
GNB4 1.30 8.43 1.75E-13 2.20E-11
LIPG 1.30 5.74 5.47E-09 1.19E-07
CCRL1 -1.30 6.44 1.64E-07 1.98E-06
GPER -1.30 6.68 9.33E-09 1.86E-07
PDE3A 1.30 5.99 7.65E-12 4.98E-10
TOX3 -1.30 8.77 1.71E-06 1.41E-05
MOXD1 1.30 6.43 3.50E-14 5.76E-12
CYP3A5 -1.30 9.85 1.31E-07 1.64E-06
PI15 1.30 5.21 4.14E-07 4.25E-06
MN1 1.30 5.77 4.79E-09 1.05E-07
SULF2 1.30 8.13 4.75E-15 1.02E-12
IL17RD 1.29 5.37 3.23E-09 7.58E-08
SCNN1A -1.29 9.21 7.43E-07 6.90E-06
RNASE1 -1.29 11.53 1.87E-11 1.07E-09
ADA -1.29 7.80 7.81E-10 2.35E-08
RNASE6 1.29 7.32 1.36E-09 3.75E-08
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IFIT2 1.29 6.96 4.28E-12 3.13E-10
PDLIM7 1.29 6.91 8.89E-10 2.63E-08
KIRREL 1.28 5.83 9.39E-17 3.23E-14
LNX1 -1.28 7.76 7.71E-11 3.45E-09
HOXB3 1.28 7.96 1.03E-09 2.99E-08
CLEC7A 1.28 6.91 1.42E-11 8.44E-10
MT1F -1.28 10.15 2.60E-09 6.36E-08
SLC4A4 -1.28 8.55 2.98E-06 2.28E-05
CXCL9 1.28 7.34 1.25E-06 1.08E-05
NAV3 1.28 5.60 7.54E-11 3.39E-09
FLJ42875 -1.28 7.50 1.70E-12 1.48E-10
COL6A2 1.28 9.64 1.94E-09 5.01E-08
ITGB2 1.28 7.56 4.74E-09 1.05E-07
ISM1 1.27 4.61 1.16E-09 3.31E-08
NQO1 -1.27 11.27 3.89E-08 5.92E-07
SOX2 -1.27 6.23 5.61E-09 1.21E-07
CSGALNACT2 1.27 7.90 6.40E-17 2.28E-14
HOXA3 1.27 6.23 1.71E-10 6.71E-09
VILL -1.27 8.44 5.94E-08 8.40E-07
RGS4 1.27 6.50 1.08E-07 1.39E-06
FCER1G 1.27 7.59 4.91E-11 2.38E-09
MSLN 1.26 5.92 9.78E-07 8.74E-06
SLAMF8 1.26 5.81 1.27E-10 5.26E-09
CYP2S1 -1.26 7.95 9.39E-07 8.46E-06
TNFSF4 1.26 4.47 2.81E-13 3.17E-11
WNT5A 1.26 7.05 3.12E-11 1.64E-09
CCL19 1.26 7.43 1.09E-05 6.75E-05
STON1 1.26 6.96 2.14E-07 2.48E-06
SLC1A3 1.26 6.40 1.53E-14 2.94E-12
PXMP2 -1.26 8.17 7.38E-14 1.07E-11
PLLP -1.26 8.96 2.93E-08 4.66E-07
FBXL13 -1.26 4.78 1.06E-07 1.37E-06
FER1L4 -1.25 8.11 7.03E-10 2.16E-08
NOTCH3 1.25 7.21 4.53E-13 4.61E-11
ENTPD5 -1.25 8.50 1.98E-08 3.42E-07
CXCL10 1.25 7.11 1.28E-06 1.10E-05
ARL14 -1.25 9.27 8.43E-06 5.43E-05
FRZB 1.25 7.62 1.26E-05 7.65E-05
TFPI2 1.25 4.92 1.51E-05 8.90E-05
BCL2A1 1.24 6.04 3.77E-06 2.76E-05
PDLIM3 1.24 8.51 5.70E-08 8.12E-07
LGALS1 1.24 11.32 5.10E-14 7.88E-12

Appendix D continued.
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Gene symbol logFC AveExpr P.Value adj.P.Val
PLXDC1 1.24 6.54 4.51E-14 7.27E-12
SMIM5 -1.24 7.45 4.81E-18 2.28E-15
COL4A2 1.24 9.94 6.65E-14 9.90E-12
CD14 1.24 8.51 4.31E-10 1.44E-08
BHLHE41 1.24 7.82 4.41E-07 4.48E-06
FPR3 1.24 6.81 4.45E-11 2.21E-09
FRMD6 1.24 7.79 1.14E-10 4.85E-09
AGT 1.24 7.44 1.43E-05 8.53E-05
GJC1 1.24 6.30 4.35E-09 9.73E-08
FLNA 1.24 9.70 6.96E-08 9.54E-07
SRPX2 1.24 5.42 2.96E-14 4.95E-12
CNTD1 -1.23 5.04 5.17E-08 7.49E-07
C5AR1 1.23 6.74 1.35E-09 3.74E-08
ANGPTL2 1.23 8.21 8.00E-12 5.15E-10
CAP2 1.23 6.30 4.43E-07 4.50E-06
MTHFD1L 1.23 6.66 3.73E-12 2.83E-10
CEACAM6 1.23 10.00 2.01E-03 5.76E-03
C1orf116 -1.23 8.70 2.60E-08 4.26E-07
GPX8 1.22 7.05 1.47E-15 3.62E-13
MS4A4A 1.22 7.44 1.64E-06 1.36E-05
DUSP10 1.22 6.62 5.99E-11 2.81E-09
AGPAT9 -1.22 7.57 1.42E-11 8.43E-10
SACS 1.22 5.86 1.95E-09 5.03E-08
SULT1B1 -1.22 6.93 2.34E-09 5.87E-08
IFI44L 1.22 6.89 1.16E-05 7.14E-05
AMPD1 -1.22 5.51 2.97E-08 4.71E-07
OGN 1.22 8.10 2.95E-03 7.97E-03
C1orf132 -1.22 7.63 1.52E-09 4.14E-08
NRK 1.22 4.01 6.88E-08 9.45E-07
LAPTM5 1.22 9.87 2.08E-10 7.93E-09
CCL28 -1.22 7.83 8.87E-08 1.17E-06
CD86 1.21 6.15 3.84E-11 1.96E-09
LOXL1 1.21 7.34 1.84E-15 4.38E-13
LHFP 1.21 8.23 2.03E-10 7.76E-09
GAST -1.21 7.01 1.73E-02 3.59E-02
AADAC -1.21 8.18 3.54E-05 1.84E-04
PDGFRL 1.21 5.94 1.06E-08 2.06E-07
FAM198B 1.21 9.30 2.62E-13 2.97E-11
DSE 1.21 7.76 4.11E-12 3.03E-10
APOA1 -1.21 6.32 4.86E-04 1.71E-03
GAS1 1.21 7.34 5.61E-06 3.85E-05
TNFSF13B 1.21 7.82 2.72E-10 9.81E-09

Appendix D continued.
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Gene symbol logFC AveExpr P.Value adj.P.Val
APLP1 -1.20 6.32 2.94E-10 1.05E-08
MRGPRF 1.20 7.47 1.13E-06 9.90E-06
ORM1 -1.20 5.47 4.70E-05 2.34E-04
C1QC 1.20 9.00 1.41E-08 2.60E-07
CXCR4 1.20 9.79 6.21E-07 5.95E-06
DGKD -1.20 8.64 8.67E-14 1.24E-11
FMO2 1.20 6.60 4.79E-07 4.81E-06
DOCK4 1.20 6.83 2.56E-11 1.39E-09
KCNJ8 1.20 6.29 2.06E-12 1.72E-10

Appendix D continued.
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Reference	  (n)Sam
ple

U
pregulated	  pathw

ays
Dow

nregulated	  pathw
ays

2	  direction	  perturbed	  pathw
ays

hsa04110	  Cell	  cycle
hsa00830	  Retinol	  m

etabolism
hsa04110	  Cell	  cycle

hsa03013	  RN
A	  transport

hsa00980	  M
etabolism

	  of	  xenobiotics	  by	  cytochrom
e	  P450

hsa04874	  Protein	  digestion	  and	  absorption
hsa03040	  Spliceosom

e
hsa00982	  Drug	  m

etabolism
	  -‐	  cytochrom

e	  P450
hsa04512	  ECM

-‐receptor	  interaction
hsa03030	  DN

A	  replication
hsa00071	  Fatty	  acid	  m

etabolism
hsa00980	  M

etabolism
	  of	  xenobiotics	  by	  cytochrom

e	  P450
hsa04612	  Antigen	  processing	  and	  presentation

hsa04971	  Gastric	  acid	  secretion
hsa00982	  Drug	  m

etabolism
	  -‐	  cytochrom

e	  P450
hsa03050	  Proteosom

e
hsa00280	  Valine,	  leucine	  and	  isoleucine	  degradation

hsa03030	  DN
A	  replication

hsa04145	  Phagosom
e

hsa00140	  Steroid	  horm
one	  biosynthesis

hsa04791	  Gastric	  acid	  secretion
hsa03008	  Ribosom

e	  biogenesis	  in	  eukaryotes
hsa04972	  Pancreatic	  secretion

hsa04145	  Phagosom
e

hsa04380	  O
steoclast	  differentiation

hsa00640	  Propanoate	  m
etabolism

hsa04514	  Cell	  adhesion	  m
olecules	  (CAM

s)
hsa04620	  Toll-‐like	  receptor	  signaling	  pathw

ay
hsa00650	  Butanoate	  m

etabolism
hsa04610	  Com

plem
ent	  and	  coagulation	  cascades

hsa00240	  Pyrim
idine	  m

etabolism
hsa00190	  O

xidative	  phosphorylation
hsa04972	  Pancreatic	  secretion

hsa04225	  p53	  signaling	  pathw
ay

hsa03310	  PPAR	  signaling	  pathw
ay

hsa00830	  Retinol	  m
etabolism

hsa03430	  M
ism
atch	  repair

hsa00280	  Valine,	  leucine	  and	  isoleucine	  degradation
hsa03018	  RN

A	  degradation
hsa00010	  Glycolysis/Gluconeogenesis

hsa04512	  ECM
-‐receptor	  interaction

hsa04062	  Chem
okine	  signaling	  pathw

ay
hsa04510	  Focal	  adhesion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa04115	  p53	  signaling	  pathw
ay

hsa04062	  Chem
okine	  signaling	  pathw

ay
hsa04672	  Intestinal	  im

m
une	  netw

ork	  for	  IgA	  production
hsa03420	  N

ucleotide	  excision	  repair
hsa00071	  Fatty	  acid	  m

etabolism
hsa05621	  N

O
D-‐like	  receptor	  signaling

hsa00230	  Purine	  m
etabolism

hsa04120	  U
biquitin	  m

ediated	  proteolysis
hsa04510	  Focal	  adhesion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

hsa04650	  N
atural	  killer	  cell	  m

ediated	  cytotoxicity
hsa00330	  Arginine	  and	  proline	  m

eatabolism
hsa03440	  Hom

ologous	  recom
bination

hsa00240	  Pyrim
idine	  m

etabolism
hsa03410	  Base	  excision	  repair

hsa04976	  Bile	  secretion
hsa03020	  RN

A	  polym
erase

hsa04670	  Leukocyte	  transendothelial	  m
igration

hsa04670	  Leukocyte	  transendothelial	  m
igration

hsa04914	  Progesterone-‐m
ediated	  oocyte	  m

aturation
hsa04623	  Cytosolic	  DN

A-‐sensing	  pathw
ay

hsa00590	  Aracidonic	  acid	  m
etabolism

hsa04660	  T	  cell	  receptor	  signaling	  pathw
ay

hsa04975	  Fat	  digestion	  and	  absorption
hsa04514	  Cell	  adhesion	  m

olecules	  (CAM
s)

hsa00520	  Am
ino	  sugar	  and	  nucleotied	  sugar	  m

etabolism
hsa03015	  m

RN
A	  surveillance	  pathw

ay
hsa03320	  PPAR	  signaling	  pathw

ay
hsa04914	  Progesteronne-‐m

ediated	  oocyte	  m
aturation

hsa00380	  Tryptophan	  m
etabolism

hsa04330	  N
otch	  signaling	  pathw

ay
hsa00591	  Linoleic	  acid	  m

etabolism
hsa00640	  Propanoate	  m

etabolism
hsa00350	  Tyrosine	  m

etabolsim
hsa00250	  Alanine,	  aspartate	  and	  glutam

ate	  m
etabolism

As	  group	  analysis	  sum
m
ary

N
orm

al
Intestinal

hsa04146	  Peroxisom
e

hsa00230	  Purine	  m
etabolism

Appendix F. As group pathw
ay analysis. 

 Significant pathw
ays, reference - norm

al, sam
ple - Intestinal gastric cancer
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Appendix G.  Correlation of microarray and qRT-PCR gene expression.

BAMBI expression by microarray and qRT-PCR
Sample ID Lauren classification Microarray qRT-PCR Concordance

737 Intestinal Low High No

651 Intestinal Low High No

628 Intestinal High High Yes

1816 Intestinal High Low No

7335 Intestinal Low Low Yes

6848 Intestinal High High Yes

4891 Intestinal High High Yes

3062 Intestinal Low Low Yes

7934 Intestinal High High Yes

4715 Intestinal Low Low Yes

3010 Intestinal Low Low Yes

4088 Intestinal High High Yes

GREM1 expression by microarray and qRT-PCR
Sample ID Lauren classification Microarray qRT-PCR Concordance

737 Intestinal High High Yes

651 Intestinal Low High No

628 Intestinal Low Low Yes

1816 Intestinal Low Low Yes

7335 Intestinal Low Low Yes

6848 Intestinal High High Yes

4891 Intestinal High High Yes

3062 Intestinal Low Low Yes

7934 Intestinal Low High No

4715 Intestinal Low Low Yes

3010 Intestinal High High Yes

4088 Intestinal High Low No

GREM2 expression by microarray and qRT-PCR
Sample ID Lauren classification Microarray qRT-PCR Concordance

76 Diffuse High High Yes

429 Diffuse Low High No

1116 Diffuse High High Yes

2318 Diffuse High High Yes

51 Diffuse High High Yes

597 Diffuse High High Yes

7419 Diffuse Low Low Yes

3331 Diffuse High High Yes

6881 Diffuse Low High No

4080 Diffuse Low Low Yes
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Appendix G continued.

MSH3 expression by microarray and qRT-PCR
Sample ID Lauren classification Microarray qRT-PCR Concordance

737 Intestinal Low High No

651 Intestinal High High Yes

516 Mixed Low High No

76 Diffuse Low High No

429 Diffuse High Low No

886 Intestinal High

628 Intestinal Low Low Yes

1116 Diffuse Low High No

2318 Diffuse High High Yes

1816 Intestinal High Low No

51 Diffuse Low High No

1162 Mixed High High Yes

597 Diffuse High Low No

450 Mixed Low Low Yes

7335 Intestinal High High Yes

6848 Intestinal Low Low Yes

4891 Intestinal Low Low Yes

7419 Diffuse High Low No

3331 Diffuse High Low No

3062 Intestinal Low High No

7934 Intestinal Low Low Yes

3710 Mixed Low Low Yes

4715 Intestinal High Low No

3010 Intestinal High Low No

5745 Mixed High High Yes

6881 Diffuse High High Yes

4088 Intestinal High Low No

4080 Diffuse High Low No

869 Diffuse High

1386 Adenocarcinoma NOS Low
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Appendix H.  Representative FACS plots - AGS BAMBI knockdown.
A) BrdU/PI; B) Annexin V/PI 48 hours post knockdown; C) Annexin V/PI 96 
hours post knockdown.

A

B

C
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Appendix I.  Representative image of β galactosidase staining of AGS cells. 
x200 magnification



343

Appendix J.  Gene abbreviations.
ABCA8 ATP-binding cassette, subfamily A member 8
ACTG2 Actin gamma 2
ACVR2 Activin A receptor type IIA
ADH1B Alcohol dehydrogenase IB
APC Adenomatous polyposis coli
ARHGAP26 Rho GTPase activating protein 26
ARID1A AT rich interactive domain 1A
B2M Beta-2 microglobulin
BAMBI BMP and activin membrane bound inhibitor
BMPER BMP-binding endothelial regulator
BRAF B-Raf proto-oncogene, serine/theonine kinase
C7 Complement component 7
CCL20 C-C motif chemokine ligand 20
CCND1 Cyclin D1
CDH1 Cadherin 1, type 1
CDH2 Cadherin 2, type 1
CDKN1A Cyclin-dependent kinase inhibitor 1A
CDKN2A Cyclin-dependent kinase inhibitor 2A
CHRD Chordin
CHRDL1 Chordin-like 1
CHRDL2 Chordin-like 2
CNN1 Calponin 1
CTNNB1 Catenin beta 1
DCC DCC netrin 1 receptor
DES Desmin
DKK2 Dickkopf WNT signalling pathway inhibitor 2
EGFR Epidermal growth factor receptor
ERBB2 Erb-B2 receptor tyrosine kinase 2
FGFR2 Fibroblast growth factor receptor 2
GDF15 Growth differentiation factor 15
GREM1 Gremlin 1, DAN family BMP antagonist
GREM2 Gremlin 2, DAN family BMP antagonist
H2AFY2 H2A histone family member FY2
ID1 Inhibitor of DNA binding 1
IGF1 Insulin-like growth factor 1
IGF2BP3 Insulin-like growth factor 2 mRNA binidng protein 3
JAK2 Janus kinase 2
KIR2DL2 Killer cell immunoglobulin-like receptor, two domains, long cytoplasmic 

tail, 2
KLRC3 Killer cell lectin-like receptor subfamily C, member 3
KRAS Kirsten rat sarcoma viral oncogene homolog
MAGEA3 MAGE family member A3
MAGEA6 MAGE family member A6
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Appendix J.  Gene abbreviations.
MAGEA12 MAGE family member A12
MDM2 MDM2 proto-oncogene, E3 ubiquitin protein ligase
MET MET proto-oncogene, receptor tyrosine kinase
MLH1 MutL homolog 1
MLH3 MutL homolog 3
MMP12 Matrix metallopeptidase 12
MSH2 MutS homolog 2
MSH3 MutS homolog 3
MSH6 MutS homolog 6
MYC V-myc avian myelocytomatosis viral oncogene homolog
MYH11 Myosin heavy chain, 11
NBL1 Neuroblastoma 1
NOG Noggin
OGN Osteoglycan
PD-L1 Programmed death ligand-1 (aliases include CD274)
PD-L2 Programmed death ligand-2 (aliases include CD273)
PI3 Peptidase inhibitor 3
PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
PMS2 PSM1 homolog 2, mismatch repair system component
POLD3 Polymerase delta 3
PSMB8 Proteasome subunit beta 8
PSMB9 Proteasome subunit beta 9
PSMB10 Proteasome subunit beta 10
PSME1 Proteasome activator subunit 1
PSME2 Proteasome activator subunit 2
PSME3 Proteasome activator subunit 3
PSME4 Proteasome activator subunit 4
PTEN Phosphatase and tensin homolog
RFC1 Replication factor C1
RHOA Ras homolog family member A
SFRP4 Secreted frizzled-related protein 4
SMAD2 SMAD family member 2
SMAD4 SMAD family member 4
SNAI1 Snail family zinc finger 1
SNAI2 Snail family zinc finger 2
SYNM Synemin
TFF1 Trefoil factor 1
TGFB1 Transforming growth factor beta 1
TGFBR2 Transforming growth factor beta receptor 2
THBS4 Thrombospondin 4
TP53 Tumour protein 53
TWIST1 Twist family basic helix-loop-helix transcription factor 1
VIM Vimentin
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Appendix J.  Gene abbreviations.
ZEB1 Zinc finger E-box binding homeobox 1
ZEB2 Zinc finger E-box binding homeobox2



346


