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Abstract 

Epithelial ovarian cancer is characterised by a low 5-year survival rate of 43% of those 

diagnosed. The overall prognosis is poor due to many factors such as the lack of reliable and 

sensitive markers for early stage detection, the heterogeneity of the tumours, rapid 

metastasis of the disease which extends beyond the ovaries and the different cancer tissue 

origins (ovary, peritoneum and tube). As these cancers are derived from the epithelial 

surface, the comprehensive glycosylation of the cell membrane proteins and lipids from cell 

lines and serous cancer tissues was investigated to unravel cancer-specific biomarkers for 

improved diagnosis and personalised tumour-specific treatments. 

In the first phase of this study, N- and O-glycans were enzymatically released by PNGase F 

and reductive β-elimination, respectively, from extracted membrane glycoproteins derived 

from ‘in vitro’-based cell line models of cancerous and non-cancerous ovarian cells. Released 

glycan alditols were separated using porous graphitised carbon (PGC) chromatography, 

analysed using electrospray ionisation mass spectrometry (LC-ESI-MS/MS) and 

characterised based on negative ion tandem MS fragmentation patterns and LC retention 

times. Glycan structural features such as bisecting N-acetylglucosamine (GlcNAc) and 

sialylated N-N-diacetyllactosamine (LacdiNAc)-type structures, together with increased 

levels of α2-6 sialylation were detected on membrane glycoproteins derived from ovarian 

cancer cells. The corresponding gene expression and epigenetic regulation of specific 

glycosyltransferases responsible for the biosynthesis of relevant N-glycan structures were 

also investigated using qRT-PCR and de-methylation by 5-Aza treatment. Their presence 

correlated with the corresponding glycosyltransferase gene expression of ST6GAL1, 

B4GALNT3, and MGAT3, in which MGAT3 was found to be also epigenetically regulated 

by DNA hypomethylation.  

The presence of specific glycan structures implicated in the preliminary cell-line models 

were further verified in membrane proteins of serous cancer tissues from different origins 

(14 ovarian, 14 peritoneal and 4 tubal). Several statistical analyses such as analysis of 

variance (ANOVA), principal component analysis (PCA), partial-least-square discrimination 

analysis (PLSDA) and receiver-operating curve (ROC) were employed to evaluate 

differences in the expression of glycan structures and to discriminate between all three 

serous cancers. Bi-antennary sialylated N-glycans with prominent α2-6 sialylation appeared 

to be the most common feature in all serous cancer tissues, whilst the unique expression of 
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sialylated LacdiNAc N-glycans was detected specifically in serous ovarian-derived cancer 

tissues and these structures were statistically classified as ‘highly accurate’ biomarkers of 

serous ovarian cancer by ROC. The expression of 11 N-glycans, including the LacdiNAc-

type glycans contributed significantly (p=0.00186) to the classification accuracy (78.6 %) of 

serous ovarian and peritoneal cancers. 

In addition to the structural identification of serous cancer membrane N- and O-glycans, a 

second analytical platform employing PGC-LC-ESI-MS/MS was also developed to 

characterise glycans released enzymatically (Endoglycoceramidase II) from PVDF-

immobilised glycosphingolipids (GSLs) derived from cancer tissue samples and cell line. The 

analysis of the glycosylation of ovarian cancer membrane lipids revealed the presence of 

several isomeric and isobaric structures which were differentiated using specific diagnostic 

and structural feature ions produced by negative ion mode MS/MS fragmentation. This 

approach led to the identification of P blood group-related as well as fucosylated/non-

fucosylated Type 1 and Type 2 antigens which were not expressed on N- and O-glycans of 

membrane proteins of serous cancers analysed in this study. These antigens were also 

implicated in the immune recognition by auto-antibodies found in the plasma and ascites 

fluid of ovarian cancer patients. 

The identification and understanding of the regulation of membrane protein and lipid glycan 

epitopes unique to ovarian cancer could be utilised to distinguish serous ovarian from 

peritoneum and tubal cancers. More importantly, such structures may facilitate the 

diagnosis and development of different drug targets to improve survival rates of this 

malignancy.  
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2 | Chapter I  

 

1.0 Cancers of the Ovary, Fallopian Tube and Peritoneum  

 

The development of cancer is a complex, multistep process, harbouring a series of 

cumulative events (eg. activation of proto-oncogenes, loss of tumour suppressor genes and 

promoter hypermethylation) which eventually leads to the transformation of microscopically 

normal cells to malignant, cancerous cells. These defective, abnormal cells eventually form 

lumps or tumours which invade the surrounding tissues of the body. These cells are also 

able to spread to other parts of the human body, through the lymph vessels and blood, in a 

process called metastasis. If the spread of these tumours persist throughout the entire body, 

they can cause further damage and result in death (Bray, Ren et. al., 2013). In females, 

gynaecological cancers typically arise from organs of the reproductive system which are 

located deep within the lateral wall of the pelvis such as the ovaries, uterus and fallopian 

tubes. In some cases, cancer is also thought to develop within non-ovarian tissue origins 

such as the peritoneum as shown in Figure 1. 

 

 

 

 

 

                 

                    

 

                      

 

 

 

 

Figure 1: Anatomic location of cancers of the ovary, fallopian tube and peritoneum.     

                Sourced from Terese Winslow (2010). 

 

 

 

 

 



3 | Chapter I  

 

1.0.1 Epithelial Ovarian Cancer (EOC) 

 

As the name suggests, epithelial ovarian cancers (EOC) are thought to arise from the simple 

cuboidal surface epithelium of the ovary, accounting for approximately 90 % of ovarian 

cancer cases worldwide (Colombo, Peiretti et. al., 2010). This group of ovarian tumours 

occurs primarily in middle-aged or older women and represents the highest mortality rate 

among all gynaecological cancers. These tumours are classified into five histological 

subtypes designated as follows: serous (low and high grade), mucinous, endometrioid (low and 

high grade), clear cell and transitional cell (Brenner type). An overview of each cancer subtype 

within this category of ovarian tumours, with respect to their specific characteristic features 

is detailed in Table 1. 

 

1.0.1.1 Epidemiology and Etiology of Epithelial Ovarian Cancer 

 

Epithelial ovarian cancer is the seventh most commonly diagnosed cancer in the world 

among women, accounting for almost 4 % of all gynaecological cancers (Ferlay, 

Soerjomataram et. al., 2013). It is referred to as the ‘silent killer’ due to its asymptomatic 

nature and is known to have the highest mortality rates per year than any other cancer of 

the female reproductive system (Sankaranarayanan and Ferlay, 2006). On a worldwide basis, 

it is estimated that 239 000 new cases will be diagnosed and 151 000 women will die from 

this disease annually (Ferlay, Soerjomataram et. al., 2013). The median age of diagnosis for 

ovarian cancer is 60 years and the lifetime risk for women in developed countries is 

approximately 1 in 70 (Cannistra, 2004). Several risk factors for ovarian cancer have been 

established and these include age, family history of the disease and lifestyle factors such as 

smoking and alcohol consumption, while the protective factors include the use of oral 

contraceptive and oophorectomy (removal of ovaries) (Permuth-Wey and Sellers, 2009). In 

Australia, ovarian cancer was the second most commonly diagnosed gynaecological cancer 

in 2010, with 1305 cancer cases reported in women (AIHW, 2014). According to the recent 

statistics from the 2012 Australian Institute of Health and Welfare (AIHW), in the year 

2014, about 1470 Australian women are expected to be diagnosed with ovarian cancer and 

this figure is expected to rise to 1640 in 2020 (AIHW, 2012). The overall five-year survival 

rate for women diagnosed with this disease in only 43 % as compared to 89 % for breast 

cancer (AIHW, 2012). 
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Table 1: Classification of Epithelial Ovarian Cancer (EOC) 

Subtype 
Age at diagnosis  
(incidence rates)                 

Characteristic Features References 

Serous  
59.4                                        

(60-80 %) 

– Most common subtype 
– Low-grade serous carcinomas (LGSC) have low-grade nuclei with infrequent mitotic figures and evolve  
from adenofibromas or borderline tumors; high grade serous carcinomas (HGSC) exhibit high-grade nuclei 
and numerous mitotic figures. 
– Presented as a large mass in the ovary (bilateral involvement in 2/3 cases)                                                                                                                                          
– Abundant papillary or micro-papillary projections within the cyst cavity and surface of tumour                                                                                                                                                             
– Often accompanied by metastasis within the omentum (peritoneum layer surrounding abdominal organs)                                

 (Chen, Ruiz et. al., 
2003; Levanon, Crum 
et. al., 2008; Vang, 
Shih Ie et. al., 2009) 

Endometrioid 
60 

 (10-25 %) 

– Derived from cells identical to internal lining of uterine endometrium                                                                               
– Low-grade adenocarcinomas and seem to arise from endometriotic cysts associated with endometriosis; 
high-grade carcinomas are morphologically indistinguishable from HGSCs and often express WT1.                                                                                                                                           
– Usually confined to the ovaries (unilateral) and diagnosed at early FIGO stages (I and II)                                                                                                                                                                             
– Predominantly cystic or solid in appearance 

 (Scully, Young et. al., 
1998; Chen, Ruiz et. 
al., 2003; Prat, 2012) 

Mucinous 
54.7                                  

(5-10 %) 

– Derived from cells identical to intestinal epithelium or endocervical epithelium                                                             
– Presented as a large unilateral tumours                                                                                                                         
– Abundant papillary or micro-papillary projections within the cyst cavity, large areas of necrosis and solid 
areas                                                                                                                                                                       
– Presence of tenacious mucus 

 (Scully, Young et. al., 
1998; Chen, Ruiz et. 
al., 2003) 

Clear-cell 
50                                           

(4-5 %) 

– 50-70 % have endometriosis                                                                                                                                           
– Presented as a large unilateral tumours                                                                                                                         
– Predominantly cystic or solid with polypoid masses protuding into lumen                                                                                          
– Abundant clear cytoplasms; prominant cell membrane                                                                                           
– Poor prognosis for Stage 1 cancers with 5-year survival rates of 69 % 

 (Scully, Young et. al., 
1998; Chen, Ruiz et. 
al., 2003) 

Transitional 
cell                                                                 

(Brenner type) 

 50 
(2 %) 

– Derived from cells identical to the internal lining of the urinary bladder or urothelium                                                                                                                                                                   
– Presented as unilateral tumours                                                                                                                                     
– Predominantly cystic or solid with papillary or polypoid projections                                                                                         
– Morphologically and phenotypically similar to serous tumours                                                                                        
– 70-100 % present at advanced stages; better response to chemotherapy 

 (Nucci and Oliva, 
2009) 
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1.0.2 Serous Cancers of Non-ovarian Origin 

1.0.2.1 Primary Fallopian Tube Serous Carcinoma (PFTSC) 

 

Primary fallopian tube serous carcinoma (PFTSC) is a rare malignancy, predominantly of 

the serous histotype (Nordin, 1994; Alvarado-Cabrero, Young et. al., 1999; Piura and 

Rabinovich, 2000), that clinically and histologically resembles serous epithelial ovarian 

cancer (SEOC) (Jeung, Lee et. al., 2009). It accounts for approximately 0.1-1.8 % of all female 

gynaecological cancers (Riska, Leminen et. al., 2003), with a 5-year survival rate of about 30 

to 50 % (Rosen, 1993; Rauthe, 1998). The peak incidence for patients with PFTSC is 

between the ages of 60 and 64 years of age, with the mean age of onset being 55 years 

(Cohen, Thoas et. al., 2000). It is thought that the true incidence of PFTSC may have been 

underestimated and these tumours may have been misclassified as SEOC due to their similar 

histological appearance (Henderson, Harper et. al., 1977). Nevertheless, as compared to 

SEOC, PFTSC is often present at early FIGO stages (Appendix A: Table 1), with a much 

worse prognostic outcome. Despite this, the management and treatment of PFTSC are 

similar to EOC, in terms of surgical management and adjuvant chemotherapy (Kosary and 

Trimble, 2002).  

1.0.2.2 Primary Peritoneal Serous Carcinoma (PPSC) 

 

Primary peritoneal serous carcinoma (PPSC) is a rare primary malignancy of the peritoneum 

(Eltabbakh and Piver, 1998; Hou, Liang et. al., 2012). The peritoneum is a serous membrane, 

composed of a layer of mesothelium which forms the lining of the abdominal cavity. The 

primary function of the peritoneum is to support the abdominal organs and to serve as a 

conduit for the nerves, blood and lymph vessels. The origin of PPSC has not been well 

characterized and early studies have shown that it is thought to arise from the mesothelium 

layer of the peritoneum (Raju, Fine et. al., 1989), or from the coelomic epithelium lining the 

abdominal cavity due to oncogenic stimulus (Truong, Maccato et. al., 1990). This rare 

clinical entity was first identified by Swerdlow in 1959 (Swerdlow, 1959), in which it 

exhibited characteristics such as diffuse peritoneal tumor implants, usually involving the 

omentum and upper abdomen. The prognosis of PPSC is relatively poor with 5-year survival 

rates ranging between 0-26.5 % (Fromm, Gershenson et. al., 1990). The diagnosis of PPSC is 

rarely considered preoperatively (Eddy, 1984; Liu, Lin et. al., 2011) and is based on the 

FIGO staging established for EOC (Appendix A: Table 2). 
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1.1 Origin of Ovarian Cancer 

 

The origin and molecular pathogenesis of epithelial ovarian cancer have perplexed 

investigators for many years, in which several time-honoured concepts have been recently 

reviewed (Kurman and Shih Ie, 2010) and summarised as follows: a) high-grade serous 

carcinomas remain the vast majority of ovarian cancers and are therefore regarded as a 

single disease, b) ovarian cancer is thought to originate from the ovarian surface epithelium 

(OSE), which eventually undergoes malignant transformation and c) ovarian cancer spreads 

from the ovary to other distant sites such as the pelvis and the abdomen. These views have 

also formed the basis for the proposal of several early hypotheses linked to factors such as 

ovulation, inflammation, and hormonal changes relating to the origin and development of 

ovarian cancer. The two main traditional and long-held theories that have been extensively 

described in numerous studies which are associated with decreased risks due to the 

decreased number of ovulatory cycles are described below: 

a) Incessant ovulation hypothesis 

The incessant ovulation hypothesis was initially proposed by Fathalla and co-workers in 

1971 (Fathalla, 1971) and the notion was later supported by several other researchers in the 

following years (Casagrande, Louie et. al., 1979; Moorman, Schildkraut et. al., 2002; Purdie, 

Bain et. al., 2003; Tung, Wilkens et. al., 2005). This hypothesis is based on the repeated 

cycles of ovarian follicular rupture and subsequent repair during the ovulation process which 

leads to the increased likelihood of genetic abnormalities to the ovarian surface epithelium. 

This hypothesis seems to be in agreement with increased risk factors associated with early 

menarche, late menopause and nulliparity, all of which contribute to increased ovulation 

episodes (Choi, Wong et. al., 2007). In agreement, other conditions in which ovulation is 

suppressed such as prolonged breastfeeding or lactation, oral contraceptive use and multiple 

pregnancies, have been reported to lower the risk of developing ovarian cancer (Ford, 

Easton et. al., 1994; Greenlee, Murray et. al., 2000). While much of the incessant ovulation 

theory reconciles with epidemiological and experimental results from previous studies and 

points to the protective effects of anovulatory effects against ovarian cancer, the suppression 

of ovulation alone is insufficient to understand the underlying mechanism in the 

development of ovarian cancer. Moreover, this hypothesis also fails to provide an 

explanation for the increased risks associated with twin pregnancies (Lambe, Wuu et. al., 

1999), obesity among women (Mink, Folsom et. al., 1996; Frost and Coleman, 1997; Purdie, 

Bain et. al., 2001) and polycystic ovarian syndrome (PCOS) (Schildkraut, Schwingl et. al., 

1996). This led to the disagreement by several researchers in recent years (Levanon, Crum 
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et. al., 2008; Gross, Kurman et. al., 2010; Li, Fadare et. al., 2012; Sherman-Baust, Kuhn et. al., 

2014), in which several other alternative theories have been proposed to understand the 

causative mechanisms behind the development of ovarian cancer. 

b) Gonadotropin theory 

The second prevailing hypothesis, known as the ‘gonadotropin theory’ was proposed by 

Cramer and Welch in 1983 (Cramer, Hutchison et. al., 1983; Cramer and Welch, 1983), in 

which it was thought that the excessive levels of gonadotropin (FSH and LH) stimulation of 

the ovarian surface epithelium (OSE) contributed to ovarian cancer carcinogenesis (Cramer 

and Welch, 1983). While FSH and LH receptors are found on all normal ovaries, their 

presence has only been implicated in about 60 % of malignancies (Zheng, Lu et. al., 2000). To 

date, there has been no direct evidence or studies demonstrating that the exposure to 

gonadotropins is capable of transforming OSE to malignant phenotype (Landen, Birrer et. 

al., 2008). Nevertheless, there have been several animal model studies which indicate that 

gonadotropins promote tumour proliferation (Parrott, Doraiswamy et. al., 2001), 

angiogenesis (Schiffenbauer, Abramovitch et. al., 1997) and vascular endothelial growth 

factor (VEGF) expression (Wang, Luo et. al., 2002) as well as in vitro studies which 

demonstrate that the overexpression of FSH and LH is associated with the activation of 

potential oncogenes (Tashiro, Katabuchi et. al., 2003; Ji, Liu et. al., 2004). These studies 

suggest the role of gonadotropins in promoting the progression, rather than the cause, of 

ovarian cancer. This theory, however, does not shed any light as to why invasive carcinomas 

such as endometrioid and mucinous types are frequently associated with borderline tumours 

derived from the ovary, while the serous subtype is rarely confined to the ovary and may 

potentially originate from extra-ovarian sites (Karst and Drapkin, 2010). 
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1.1.1 Dualistic Model for Ovarian Cancer Carcinogenesis 

 

Based on the above views, a majority of efforts have focused on the ovary for the early 

detection of ovarian cancer and for the development of new chemotherapeutic drugs and 

delivery routes, irrespective of their histological subtypes (Kurman and Shih Ie, 2008; Suh, 

Park et. al., 2010). Unfortunately, these efforts have not been successful in improving the 

overall survival rates of ovarian cancer over the past 50 years, and thereby the general views 

regarding the histogenesis, as outlined above, have been regarded as deeply flawed 

(Levanon, Crum et. al., 2008; Kurman and Shih Ie, 2010). In 2004, a dualistic model of 

ovarian cancer was proposed by Shih et. al., categorizing the development of ovarian cancer 

into two groups, designated as Type I and Type II (Shih Ie and Kurman, 2004). This model 

is largely based on the fact that high grade serous carcinomas differ from all other ovarian 

tumours in terms of their molecular pathogenesis, genetic alterations, prognosis and 

morphological characteristics outlined in Table 2. 

Table 2: Type I and Type II ovarian cancers 

Type Characteristic Features Genetic Mutations References 

Type I 

– Slow growing, clinically indolent 
tumours                                                            
– Present a low stage; low proliferation 
potential                                                                     
– Exhibit shared lineage between benign 
neoplasms and low-grade carcinomas                                                   
– Low grade serous, mucinous, 
endometrioid and clear cell carcinomas                                                
– 5-year survival rates of 55 %                                                               

                                                                        
– Genetically more stable                                                           
– Distinctive patterns of 
high frequency mutations 
in different histologic cell 
types                                                       
– KRAS, BRAF and 
ERRB2 mutations in 
majority of low grade 
ovarian cancers                                                   
– TP53 mutations are 
rare 

 
(Singer, Oldt et. 
al., 2003; Shih 
Ie and Kurman, 
2004; Cho and 
Shih Ie, 2009; 
Kuo, Guan et. 
al., 2009; Shih 
Ie, Chen et. al., 
2010)  

Type II 

–  Highly aggressive tumours with rapid 
spread throughout pelvic region                                                                   
– Often associated with non-ovarian 
serous carcinomas arising from the 
fallopian tube and peritoneum                                                             
–  Bilateral involvement of both ovaries 
and peritoneal membranes                                                                            
–  Exhibit glandular, papillary and solid 
patterns                                                                          
–Present at advanced FIGO stages III 
and IV; appear without definitive 
precursor lesion                                                                                                                                         
– High grade serous, endometrioid, 
malignant mixed mesodermal, 
undifferentiated carcinomas 

                                                                 
– Genetically unstable                                                                 
– High frequency TP53 
mutations (> 80 % cases)                                                                           
– Amplification of 
CCNE1                                               
–  Majority of cases are 
associated with BRCA1 
mutations                                                                                  
– Predominantly cystic or 
solid in appearance 

 
(Shaw, 
McLaughlin et. 
al., 2002; Cho 
and Shih Ie, 
2009; Lynch, 
Casey et. al., 
2009) 



9 | Chapter I  

 

1.1.2 Identifying the Site of Origin of Serous Cancers 

 

1.1.2.1 Role of OSE in Ovarian Cancer 

 

Studies have shown that human OSE cells are composed of uncommitted mesothelial cells 

that express epithelial and mesenchymal markers such as vimentin and N-cadherin 

(Blaustein, 1984; Auersperg, Wong et. al., 2001; Drapkin and Hecht, 2002), and do not 

typically express certain ovarian cancer markers such as E-cadherin, CA125 and HE4 

(Maines-Bandiera and Auersperg, 1997; Piek, Dorsman et. al., 2004). The single epithelial 

layer of the OSE constitutes less than 1 % of the total ovarian mass, and yet, it is thought to 

be the source of more than 90 % of ovarian cancers which are epithelial in origin. 

Interestingly, numerous studies on the ovaries have found no precursor lesions in the ovary 

(Cheng, Liu et. al., 2005; Naora, 2005; Levanon, Crum et. al., 2008; Kurman and Shih Ie, 

2010; Li, Fadare et. al., 2012) and there is increasing evidence that a majority of the 

borderline tumours and low-grade serous ovarian carcinomas arise from cortical inclusion 

cysts (CICs) embedded within the ovarian parenchyma, under the OSE layer (Levanon, 

Crum et. al., 2008).  

Several studies have examined the epithelium of ovaries obtained as part of risk-reducing 

bilateral salphingo-oophorectomy (BSO) procedures in high-risk women, but their findings 

did not establish a consistent relationship between these CICs and high grade serous ovarian 

carcinomas (Resta, Russo et. al., 1993; Salazar, Godwin et. al., 1996; Werness, Afify et. al., 

1999; Casey, Bewtra et. al., 2000; Okamura and Katabuchi, 2001; Piek, Verheijen et. al., 2003; 

Folkins, Jarboe et. al., 2008). These observations, together with the earlier proposed Type I 

and II classification of ovarian tumours have led to the suggestion that high grade serous 

carcinoma is fundamentally different from other ovarian carcinomas. It also became apparent 

that there is likely to be no single location for all these epithelial ovarian cancers and hence, 

the search for a precursor lesion for high grade serous cancers has intensified in recent years 

(Levanon, Crum et. al., 2008; Erickson, Conner et. al., 2013). 
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1.1.2.2 Emergence of Distal Fallopian Tube as a Site of Serous Carcinogenesis 

 

The fallopian tube has traditionally been viewed as a minor anatomical feature of the female 

reproductive system and thus, only a limited amount is known regarding its normal cellular 

biology (Li, Fadare et. al., 2012). The role of the fallopian tube was first implicated in a study 

investigating serous neoplasia associated with early adenocarcinoma of the fallopian tube, in 

which tubal intraepithelial carcinomas (TIC) were found in approximately 5 to 10 % of 

serous ovarian cancer cases. The authors commented on the importance of rigorous 

sectioning of the fallopian tube to detect for precursor lesions (Bannatyne and Russell, 

1981). This observation, together with various published studies looking at TIC incidence, 

as summarised in Table 3, culminated in the proposal that serous TICs (STIC) are almost 

exclusively detected in the fimbrial region of the fallopian tube, rather than the ovaries and 

may potentially be the source of serous carcinogenesis in both women with BRCA mutations 

and those with unknown genetic predisposition for ovarian cancer (Levanon, Crum et. al., 

2008; Li, Fadare et. al., 2012). 

 

The delayed appreciation of the role of the distal fallopian tube as the precursor lesion in 

pelvic serous carcinomas of the ovary, fallopian tube and peritoneum (Levanon, Crum et. al., 

2008) was due to a number of reasons. Firstly, a significant proportion of high grade serous 

carcinomas are present as large ovarian masses, with ovarian cases outnumbering other 

pelvic serous carcinomas, such as those of the fallopian tube and peritoneum by a 50:1 ratio 

(Levanon, Crum et. al., 2008). Therefore, it appears reasonable to understand why traditional 

models of ovarian cancer carcinogenesis were focused mainly on the OSE of the ovaries. 

Furthermore, it is also widely accepted that customary practices, involving the examination 

of the entire fallopian tube (including the fimbrial end) in most high grade serous carcinomas 

by pathologists are not required and are rather limited to the central fallopian tube (Hu, 

Taymor et. al., 1950). Nevertheless, the identification of putative and possible precursor 

fallopian tube lesions, together with p53 mutations described in the fallopian tube (Lee, 

Miron et. al., 2007) provides additional evidence for the concept that serous carcinogenesis 

could begin in the fallopian tube and not the ovary. It has also been hypothesised that 

hereditary serous carcinomas could potentially originate from the fallopian tube cells, which 

in turn, sheds cells onto the surface of the ovary, therefore creating the appearance of an 

ovarian source of cancer cell origin (Piek, Verheijen et. al., 2003).  
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n= number of samples examined

Table 3: Clinico-pathological findings of tubal intraepithelial carcinomas (TICs) in BRCA and non-BRCA mutation carriers 

Mutation 
Carriers 

Clinico-pathological Findings 
Source of Experimental 

Samples 
References 

BRCA 1 and/or 
BRCA 2 

Dysplastic changes, also known as tubal lesions in transition (TLIT) which resemble high grade serous 
carcinomas (HGSC) were identified in fallopian  tubes of women who were either a) genetically 
predisposed to developing ovarian cancer or had BRCA mutations 

Prophylactically removed fallopian 
tubes (n=12) 

 (Piek, van Diest et. al., 
2001) 

1) Early 'serous' cancerous lesions associated with serous tubal intra-epithelial carcinoma (STIC) of the 
fimbria end  of the distal fallopian tube                                                                                                                                                                                           
2) No precursor lesion observed on ovarian surface epithelium (OSE) 

  BRCA1/2 mutation carriers with 
ovarian/fallopian tube cancer (n=7) 

 (Finch, Shaw et. al., 
2006) 

 Increased risk (120-fold) in developing  fallopian tube cancers BRCA1 mutation carriers  (n=483) 
 (Brose, Rebbeck et. al., 
2002) 

1-5 %  diagnosed with early tubal cancer were associated with TICs in the distal end of the fallopian tube; 
patients had a higher risk of developing serous fallopian tube carcinoma, not serous ovarian 

  Fallopian tubes (n=28) 
 (Cass, Holschneider et. 
al., 2005) 

1) STICs in fallopian tubes and high grade serous cancers are comprised of only secretory cell-type 
epithelium                                                                                                                                                                                      
2) Secretory cell proliferations are associated with nuclear p53 alterations 

Prophylactically removed fallopian 
tubes (n=41) 

(Lee, Miron et. al., 
2007) 

24 % had p53 signatures; 53 % identified in fallopian tubes containing STICs 
BSO samples; BRCA mutations 
(n=41) 

 (Lee, Miron et. al., 
2007) 

93 %  had TP53 mutations in the TICs and corresponding metastasized tumours; hypothesized 
monoclonal origin for these cancers 

Pelvic high-grade serous cancers 
(HGSCs)(n=29) 

 (Kuhn, Kurman et. al., 
2012) 

38 % harboured at least one p53 signature in the fallopian tube; One OSE specimen exhibited p53 
signatures in ovary 

Prophylactically removed fallopian 
tubes and ovaries  (n=75) 

 (Folkins, Jarboe et. al., 
2008) 

Non-BRCA 

1) 100 % , 66.7 % and 66.7 % of fallopian tubes derived from tubal, ovarian and peritoneal cancers, 
respectively, contained areas with STICs  
2) 93 % of all TICs located at distal end of tubal fimbrae 

Fallopian tube specimens from 
patients with ovarian (n=30); 
peritoneal (n=6) and tubal (n=5) 
cancer 

 (Kindelberger, Lee et. 
al., 2007) 

TICs associated with the development of serous-type histology and not in mucinous or endometrioid 
histologies 

 Ovarian (n=37), peritoneal (n=8) 
and  fallopian tube (n=7)  

 (Przybycin, Kurman 
et. al., 2010) 

33 % of patients had p53 signatures; 53 % identified in fallopian tubes containing STICs 
BSO samples; non-BRCA 
mutations (n=58) 

 (Lee, Miron et. al., 
2007) 
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1.1.3 Current Model of Serous Carcinogenesis 

 

Based on the above mentioned findings and clinico-pathological observations, a high-grade 

serous carcinogenesis development model has been recently proposed as shown in Figure 2 

(Li, Fadare et. al., 2012). This model supports the notion that the development of both low 

and high-grade serous carcinomas is likely to arise from the secretory cell proliferations of 

the fallopian tube, which acquire DNA damage leading to chromosomal instability and 

further genetic alterations. In high-grade serous cancers, TP53 mutations occur in the early 

process of carcinogenesis, and may result in the accumulation of p53 signatures. It is 

presumed that a subset of p53 signatures undergo specific molecular events which cannot be 

reversed due to the loss of BRCA functions, eventually transforming to the malignant 

precursor lesion, serous TIC (STIC). BRCA1 and BRCA2 genes encode nuclear proteins 

that participate in the DNA repair process via non-homologous recombination 

(Venkitaraman, 2002). These lesions form papillary tufts on the fimbrial end, which consists 

of loosely cohesive cells and are easily shed or implanted on the surface of the ovary or 

peritoneum. Given this scenario, it is possible that, in the absence of serous invasive fallopian 

tube carcinoma, serous carcinomas of ‘ovarian’ or ‘peritoneal’ origin may develop from the 

detachment and implantation of these tubal-derived cells. Similarly, serous carcinomas can 

also be present as fallopian tube cancers or primary peritoneal cancers, if there is no 

significant involvement of the ovaries. This theory also gives precedence as to why Type II 

serous tumours often involve the pelvic cavity and spread early on in the carcinogenesis 

process.  

 

On the other hand, low-grade serous cancers typically develop in a step-wise fashion as well, 

starting from the tubal epithelial cells which attach to the OSE and invaginate into the 

ovarian stroma to form ovarian epithelial inclusions (OEI). The acquisition of KRAS, BRAF 

or ERBB2 gene mutations in the tubal-derived OEIs and possibly other mutations lead to 

the development of serous borderline tumours and eventually to low-grade serous tumours. 

In some cases, it is possible for these tubal-derived OEIs to acquire TP53 gene mutations 

and develop into high-grade serous tumours. This may partially explain why in a significant 

subset of high grade serous carcinomas, there is no association with STICs in the fallopian  

tubes, even after extensive examination. 
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Figure 2: Molecular changes and pathways associated with the development of low and high grade serous  
carcinogenesis. Low grade serous cancers are characterised by molecular changes including KRAS, BRAF, or 
ERBB2 mutations and develop from the tubal epithelia to form ovarian epithelial inclusions (OEI). Further 
growth of OEI results in the step-wise fashion development of serous cystadenoma, serous borderline tumor, 
and LGSC. In contrast, high-grade serous cancers (HGSC) develop in a different pathway, and are 
characterised by   p53 gene mutation that starts from the tubal epithelia and develop into the latent pre-cancer 
(p53 signature), tubal dysplasia), early cancer (serous intraepithelial carcinoma, STIC) and HGSC. Reproduced 
from Li. J. et al. (2012) 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Li, J. (2012) 
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1.1.4. Molecular Distinction between Serous Pelvic Carcinomas 

 

The histologic distinction between serous carcinomas of the ovary, fallopian tube and 

peritoneum is quite difficult to achieve especially in cases of advanced disease which often 

involves more than one site of origin. To date, most studies have used 

immunohistochemistry profiling to distinguish serous cancers from other subtypes such as 

endometrioid and mucinous tumours, while very few comparative studies have been 

performed to distinguish serous cancers of the ovary, peritoneum and fallopian tube (Table 

4). In addition, apart from serous ovarian cancer, large scale studies of serous peritoneal and 

tubal cancer groups have been difficult to accomplish due to their rarity of diagnosis. 

Nevertheless, it has been previously noted that the similarities between serous peritoneal 

and ovarian cancers do not enable a preoperative distinction between these neoplasms, given 

their close histological and clinical similarities. In fact several studies have shown that 

primary peritoneal serous cancers and primary ovarian carcinomas are immuno-

histochemically indistinguishable (Bloss, Liao et. al., 1993; McCluggage and Wilkinson, 

2005), where both cancer serous entities were found to express estrogen receptor (ER), 

cytokeratin 7 (CK7), Wilm's tumour suppressor gene (WT1), and cancer antigen 125 (CA 

125) (von Riedenauer, Janjua et. al., 2007). Studies of clonality have provided further 

evidence suggesting that primary peritoneal cancers are multifocal in origin, unlike serous 

ovarian cancers which are clonal in origin (Schorge, Muto et. al., 1998). Taken together, 

uncovering the potential molecular differences between serous ovarian and peritoneal 

cancers may be appropriate and could possibly have further implications for their specific 

diagnosis and treatment options (Jordan, Green et. al., 2008). 
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n= number of samples examined; + positive staining; - negative staining 

 

Table 4: Comparison of Profiling between SEOC, PPSC and PFTSC 

Category 
Immunohistochemistry 

Marker 

High Grade Serous Carcinomas 

References 
Serous Epithelial 

Ovarian 
Carcinomas                       

(SEOC) 

Primary Peritoneal                     
Serous Carcinoma                                     

(PPSC) 

Primary Fallopian Tube 
Serous Carcinoma          

(PFTSC) 

Gene Mutation P53 +(n=10/22), (n=76/178) +(n=8/26), (n=6/6) +(n=26/43), (n=51/63) 

(Lacy, Hartmann et. al., 1995; Rosen, 
Ausch et. al., 2000; Halperin, Zehavi 
et. al., 2001; Madore, Ren et. al., 2010; 
Hou, Liang et. al., 2012) 

Hormone 
Receptors 

Oestrogen +(n=16/22) +(n=8/26) 
   (Halperin, Zehavi et. al., 2001) 

Progesterone +(n=20/22) +(n=12/26) 

 
 (Halperin, Zehavi et al. 2001) 

Growth Factor 
Receptors 

EGFR 
+membrane (n=44/121) 

+cytoplasm (n=81/121) +(n=4/6) 

 

 (Noske, Schwabe et. al., 2011; Hou, 
Liang et. al., 2012)  

VEGF 

 

+(n=6/6) 

 
 (Hou, Liang et. al., 2012) 

Molecular 
Markers 

Ki-67 (cell proliferation 
marker) +(n=6/22) +(n=10/26) 

 
 (Halperin, Zehavi et. al., 2001) 

HER 2/neu +(n=2/22), (n=4/18) +(n=10/26), (n=11/32) +(n=11/43) 
 (Lacy, Hartmann et. al., 1995; Chen, 
Yamada et. al., 2003) 

Wilm's tumour suppressor 
protein (WTI) +(n=124/180) 

  
(Madore, Ren et. al., 2010) 

Vimentin  +(n=6/6)  (Hou, Liang et. al., 2012) 

Components of 
wnt signalling 
pathway 

β- catenin +(n=5/173) +(n=6/6)    (Madore, Ren et. al., 2010) 

E-cadherin   +(n=6/6)    (Hou, Liang et. al., 2012) 

Wnt5a +(n=30/38) -(n=0/6)   
 (Badiglian Filho, Oshima et. al., 
2009) 
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1.2 Diagnosis, Treatment and Management of Serous Cancers  

 

1.2.1 Diagnosis and Screening of EOC 

 

Epithelial ovarian cancer (EOC) is regarded as a ‘silent killer’, with over 75 % of women 

being diagnosed at stages III and IV, when the disease has spread beyond the ovary and 

throughout the abdomen  (Ahmed, Wiltshaw et. al., 1996; Jemal, Murray et. al., 2005). This 

dismaying fact is largely attributed to the lack of early-stage symptoms of ovarian cancer 

which are often thought to be subtle or absent. In 2000, Goff, et. al. developed a ‘symptom 

index’ which constituted more than 12 episodes of at least one of the following: a) pelvic or 

abdominal pain, b) urgent need to urinate and increased frequency, c) difficulty while eating 

or early satiety for less than a year (Goff, Mandel et. al., 2000). Although these symptoms 

were not formulated as a screening tool, it was envisaged that it would increase awareness 

both in women and their medical practitioners, thereby resulting in a quicker diagnosis of 

EOC. To date, there has been no single effective screening test for asymptomatic women, 

although large population-based screening trials based on CA-125 and transvaginal 

ultrasound have been carried out recently in USA (Buys, Partridge et. al., 2011) and is 

currently in progress in UK (Raja, Chopra et. al., 2012). The three general approaches 

towards the screening and diagnosis of EOC are summarised in Table 5. 

 

1.2.2 Treatment Types 

 

For most women with early stage (stage I) ovarian cancers, the standard treatment is 

usually an operation, known as laparotomy, which allows the surgeon to remove as much of 

the tumour as possible and to also confirm the diagnosis that has been made. During this 

surgery, a bilateral salpingo-oophorectomy (removal of ovaries and fallopian tubes), total 

abdominal hysterectomy (removal of uterus and cervix) and removal of omentum (fat pad 

surrounding abdominal organs) will be carried out. For a majority of patients (~ 75 %) who 

are diagnosed with advanced stages of EOC, including serous cancer of the fallopian tube 

and peritoneum, the standard treatment includes primary cytoreductive surgery, followed by 

extensive chemotherapeutic regimens (Raja, Chopra et. al., 2012).  
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+ = Detection methods used simultaneously; n= number of prospective patients 

Table 5: Screening and Diagnosis of EOC    

Detection 
Methods 

Description Method 
Randomised Screening Trials/ 

Experiment(s) 
Clinical Evaluation References 

Transvaginal or 
Pelvic 

Sonography+ 
(TVS) 

Imaging technique performed 
for women with a high risk of 
developing EOC or after 
pelvic examination reveal 
abnormalities 

Ultrasound instrument 
is placed in the vagina, 
providing detailed 
images of pelvic 
structures (eg. size and 
shape of ovaries) 

1) Screening  resulted in 326  laparotomics 
and 5 detected cases of primary ovarian 
cancers                                                        
(Total n=5000)                                                  
2) Screening and surgery performed on  44 
women; 3 cases of ovarian cancer          
(Total  n=3000)                                                  

Both methods are not 
sensitive or specific to be 
recommended as a 
general screening 
procedure 

 
 (Campbell, Bhan et. al., 
1989; van Nagell, 
Higgins et. al., 1990) 

CA125+ 

1) Monoclonal antibody 
recognising soluble form of 
CA125 in serum                                             
2) Used clinically in ovarian 
cancer screening, from age 35 
onwards or 5-10 yrs earlier 
than earliest age of EOC 
diagnosis 

Commercially available 
diagnostic kits that 
measure  serum level of 
the CA125 antigen  

1) Elevated in 85 % of serum of clinically 
advanced EOC patients                                                        
2) Pre-operative serum levels of CA125        
< 35U/ml (cut-off point) in 50 % of clinical 
stage 1 ovarian cancer cases                                                                
3) Elevated CA125 levels in benign 
conditions; endometriosis; ovulation and 
pregnancy 

1) Utilised clinically for 
detection, diagnosis, 
monitoring and 
prognosis.                                 
2) Remains the  standard 
component of routine 
management of women 
with advanced ovarian 
cancer               

 (Bast, Feeney et. al., 1981; 

Ismail, Rotmensch et. al., 
1994; Miller, Deaton et. al., 
1996; Bon, Kenemans et. 
al., 1999; van Haaften-
Day, Shen et. al., 2001; 
Cheng, Wang et. al., 2002; 
Blagden and Gabra, 2008) 

CA125 and 
tumour markers 

Potential serum/tissue 
tumour markers:                                           
a) HE4 (human epididymis 
proteins)                                            
b) mesothelin                                       
c) kallikreins 6,10 and 11                
d) M-CSF                                            
e) osteopontin                                   
f) soluble EGF receptor 

CA125 serum marker is 
used in conjunction with 
additional tumour 
markers 

1) Tissue microarray on ovarian cancers:                                                               
a) weak or absent CA125 (n=65)                                                                                           
b) kallikrien 6 and 10, osteopontin and 
claudin-3  (n=296)                                            
c) mucin-like glycoprotein (n= 281)              
d) VEGF (n=239)                                              
e) mesothelin (n=100)                                          
f) HE4 (n=94)                                                                  
Total: n=296                                                                                                               
- Mesothelin and HE4 : good specificity when 
compared with normal tissue      

Not currently being used 
in clinic                                              
–currently being 
investigated in clinical 
trials 

  
(Rosen, Wang et. al., 
2005) 
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1.2.3. Molecular Targeted Therapies in EOC 

 

As a result of the improved understanding of the various molecular pathways in 

carcinogenesis and tumour growth, many potential therapeutic targets have been identified 

to be used either in combination with chemotherapy or alone (Salani, Backes et. al., 2009). 

Some of the drugs that have been trialed and are currently being investigated are 

highlighted in Table 6. These drugs have been developed to block membrane-bound growth 

receptors, ligands and pathways associated with ovarian cancer. While many of these are 

aimed specifically to patients with recurrent disease, they are still in the early stages of 

development with preclinical and clinical trials exploring the use of these molecular agents 

as first-line therapy for EOC. At present, Bevacizumab, a monoclonal antibody directed 

towards the VEGF receptor, has shown some promise in ovarian cancer treatment and is 

thoroughly being investigated. The exploration of therapeutic approaches for the treatment 

of malignant ascites has also been a clinical priority, with several novel angiogenic and non-

angiogenic drug targets identified in recent years (Salani, Backes et. al., 2009). Additional 

research is also being carried out, focusing on immune-based therapy such as vaccines 

(Chianese-Bullock, Irvin et. al., 2008)  and new monoclonal antibodies (Bookman, Darcy et. 

al., 2003; Makhija, Amler et. al., 2010) to treat patients with primary or re-current ovarian, 

peritoneal and fallopian tube cancers. 
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Sourced from Salani R. et. al. (2009) 

Table 6: Molecular Targets in Ovarian Cancer Treatment 

Drug Mechanism of Action Effect References 

Bevacizumab (Avastin) 
mAb against VEGF; inhibits endothelial cell 
migration, proliferation, differentiation and 
vascular permeability 

Response rate as a single agent: 10-22 %; in 
combination with cytotoxic agents: 24-78 % 

(Monk, Han et. al., 2006; Burger, Sill 
et. al., 2007; Richardson, Backes et. 
al., 2008; Wright, Secord et. al., 
2008) 

Temsirolimus 
PK13-mTOR and HIF-1α inhibition; modulates 
cell growth and metabolism 

Phase II studies show safety and effectiveness in 
ovarian cancer 

(Mabuchi, Altomare et. al., 2007; 
Campone, Levy et. al., 2009) 

Cetuximab                  
(ErbB receptor family) 

Chimeric human-murine mAb that binds the 
EGFR; inhibition of cell proliferation, enhanced 
apoptosis, reduced angiogenesis, invasiveness and 
metastasis 

Phase II studies of cetuximab combined with 
carboplatin or carboplatin with paclitaxel did not 
result in improved PFS 

(Konner, Schilder et. al., 2008; 
Secord, Blessing et. al., 2008) 

Gefitinib                      
(ErbB receptor family) 

Inhibitor of EGFR signaling No significant response 
(Schilder, Sill et. al., 2005; Posadas, 
Liel et. al., 2007) 

Erlotinib                       
(ErbB receptor family) 

Inhibitor of EGFR tyrosine kinase receptor 
Phase II study: 6% response rate, no improvement 
when combined with bevacizumab 

(Gordon, Finkler et. al., 2005; 
Nimeiri, Oza et. al., 2008) 

Sorafenib (VEGF 
receptor family) 

Oral multikinase inhibitor; targeting MAPK/ERK 
signalling pathway; suppression of angiogenesis-
inhibition of VEGF 1, 2 and 3. 

Partial response 43 % (6 of 13 patients) in 
combination with bevacizumab  

(Azad, Posadas et. al., 2008) 

Catumaxomab 
(Intraperitoneal) 

Rat/murine hybrid antibody anti-epithelial cell-
adhesion molecule and anti-CD3 

Phase I/II dose-escalating (advanced ovarian 
cancer with recurrent malignant ascites; reduction 
in ascites; significant elimination of EpCAM 
tumour cells with acceptable toxicity 

(Burges, Wimberger et. al., 2007) 

90Y-muHMFG1 (ip.) MUC1 antibody 
Phase III trial comparing standard treatment plus 
90Y-muHMFG1; improved survival in patients 
with highest anti-MUC1 IgG  response 

(Verheijen, Massuger et. al., 2006; 
Oei, Sweep et. al., 2008) 

PTEN/P13kAKT 
pathway 

Upregulation of the tumor suppressor gene PTEN; 
inactivation of the PTEN/P13kAKT pathway 

Facilitate apoptosis and increase chemosensitivity (Wu, Cao et. al., 2008) 

Vascular disrupting 
agents 

Target tumor vessels; cause tumour death 
Phase II studies show no toxicity when combined 
with carboplatin and paclitaxel 

(McKeage, Von Pawel et. al., 2008) 
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1.3 Experimental Models of High Grade Serous Carcinomas 

 

Over the past 10 to 15 years, experimental model systems established to understand the 

biology of ovarian cancer have evolved significantly and a number of useful models have 

consistently been used in advanced translational research. A few of these models are 

described in Table 7A and 7B to demonstrate their utility and feasibility as a research and 

analytical tool. Cell lines have long been considered important and useful ‘in vitro’ models in 

investigating the molecular events and pathological processes underlying the development 

of ovarian tumours. Besides that, cell lines have also been used to search for diagnostic and 

prognostic tumour markers as well as for therapeutic targets (Jacob, Nixdorf et. al., 2014). 

Recently, the isolation and culturing of non-cancerous fallopian tube non-ciliated epithelium 

(FTNE) and ovarian epithelial (OCE) cells from the same healthy female has been described 

(Merritt, Bentink et. al., 2013). This availability of ‘normal’ cells from different origins will 

enable researchers to clarify the apparent ambiguity in regards to the origin of ovarian 

cancer and to identify molecular and histological differences, not just between ‘non-

cancerous’ and ‘cancerous’ epithelial cells, but also to distinguish ovarian, tubal and 

peritoneal cancers. Apart from ‘in vitro’ models, several other models such as three-

dimensional, ‘ex vivo’ and ‘in vivo’ models of ovarian cancer have also been countinually 

developed to replicate the molecular events that underlie the dissemination of tumour cells 

from the primary tumour as well as to highlight the contributions of the extracellular matrix 

(ECM), stromal and inflammatory cells in ovarian cancer (Lengyel, Burdette et. al., 2014).  
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Table 7A: Development of cellular models in EOC 

Models Source Significance  Example(s) References 

Ovarian Surface 
Epithelium (OSE) 

 Rodent:                                                               
a) Rat OSE (ROSE)                                               
b) Mouse OSE 
(MOSE) 

1) Isolation and transformation of rat OSE (ROSE) using Kirsten 
murine sarcoma virus (Ki-MSV)                                                                                        
2) Simulation of incessant ovulation for repeated ‘in vitro’ passaging of 
cells; exhibited increased proliferation and tumorigenic properties                                                                                                                    
3) Transformed cells displayed similar genomic and proliferative 
patterns observed in ovarian tumours 

a) OV3121                          
b) OV3121-ras4                 
c) OV3121-ras7                
d)p53-def-MOSE 

 (Adams and Auersperg, 
1981; Godwin, Testa et. al., 
1992; Testa, Getts et. al., 
1994; Roby, Taylor et. al., 
2000) 

Human OSE     
(HOSE) 

1) Immortalisation of human-derived HOSE cells achieved via 
retroviral transduction of either the simian virus 40 T antigen (SV40-
Tag) or the human papilloma virus E6/E7 oncogenes                                                                                                 
2) Proliferative lifespan increased without tumorigenic properties; 
stable after many passages 

a) HOSE 6.3                               
b) HOSE 17.1                          
c) HOSE 105                             
d) HOSE 129                               
e) HOSE 130 

 (Maines-Bandiera, Kruk et. 
al., 1992; Tsao, Mok et. al., 
1995; Kusakari, Kariya et. 
al., 2003; Jacob, Nixdorf et. 
al., 2014) 

Fallopian Tube                   
Epithelial Cells                                        

(FTEC) 

Fresh primary 
fallopian tube 
specimen 

1) Developed to study neoplastic transformation of normal fallopian 
tube epithelium; ‘ex vivo’ culture system with air-surface liquid interface                                                                                                                    
2) Preserve natural architecture, orientation, polarity and biological 
functions displayed by ‘in vivo’ FTECs.                                                              
3) Long term propagations of cells using hTERT transduction and 
SV40-Tag sufficient to overcome senescence without inducing tumour 
formation 

a) NT/T-S 

 (Ando, Kobayashi et. al., 
2000; Levanon, Ng et. al., 
2010; Karst, Levanon et. al., 
2011)                                      

Ovarian Cancer                         
Cell Lines 

Tumours:                                                  
a) Primary tumour                              
b) Metastasised 
tumours                         
c) Resistant tumours 

1) Grown continuously in culture; allow repeated experiments to be 
performed without the necessary requirements or limitations observed 
for ‘in vivo’ models.                                                                                     
2) Developed for the study of neoplastic transformation and 
chemotherapy resistance development in tumours 

Primary tumour: A2780, 
IGROV1, ES-2 
Metastasised tumours:                
CAOV-4, EFO27, TO14 
Resistant tumours: 
A2780cis 

 (Jacob, Nixdorf et. al., 2014)                 
[ATCC; 
http://www.Igcstandards-
atcc.org] 

Fluid:                                                             
a) Ascites fluid                                  
b) Pleural Fluid 

1) Developed for the study of neoplastic transformation and 
chemotherapy resistance development in tumours 

Ascites fluid:         
SKOV3, OVCAR3, EFO-
21, OV-56                                        
Pleural fluid:          
COV504, PEA1, PEO4 

 (Jacob, Nixdorf et. al., 2014)           
[ATCC; 
http://www.Igcstandards-
atcc.org] 
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Table 7B: Development of ‘ex vivo’ and ‘in vivo’ models in EOC 

Models Source Significance  Example(s) References 

3D cultures 

 OvCa cells/primary 
cells with 3D matrix 

1) Cell lines and primary cell lines are grown with different forms of 
ECM (eg. purified proteins such as collagen, Matrigel) 
2) Early events following the cell-matrix contact allow for evaluation of 
gene expression changes that accompany metastatic anchoring 
3) Screening of new drugs that are able to penetrate deep into the 
hypoxic and acidic region of the 3D culture 

Growth factor-reduced Matrigel 
OvCa model 

 (Adams and 
Auersperg, 1981; 
Mullen, Ritchie et. al., 
1996; Barbolina, 
Adley et. al., 2007) 

OvCa 
spheroids/multicellular 
aggregates 
 

1)OvCa spheroids (30 to 200um) isolated from patients ascites or 
produced by growing OVCa cells on non-adherent plate, spinner flasks or 
hanging-drop culture method 
2) Multicellular aggregate formation facilitate metastasis  and can adhere 
to both omentum and exposed ECM 
3) Useful for monitoring unique mRNA profiles that resemble in vivo 
tumours 

Cell lines for multiceullular 
aggregate (MCA) formation:  
DOV13 and OVCA433 cells 

(Allen, Porter et. al., 
1987; Gilead and 
Neeman, 1999; Lin 
and Chang, 2008) 

Peritoneal and organ 
explants 

1) Dissected peritoneal explants are pinned to optically clear silastic resin 
and incubated with OvCa cells or multicellular aggregates 
2) Explants can be histologically sectioned and used to quantify tumour 

cell penetration 

3)Ability to monitor the extent and kinetics of adhesion, observe early 

events in peritoneal anchoring and test potential anti-adhesive 

therapeutics 

3D alginate scaffolds of ovarian 
surface cells, mouse oviducts and 
baboon fimbria 

(Kenny, Kaur et. al., 
2008; Jackson, Inoue 
et. al., 2009; King, 
Quartuccio et. al., 
2011) 

Cell Line 
Xenografts 

(murine) 

Cell lines 
Ovarian and fallopian 
tubes from primary 
ovarian tumors 

1) Developed to recapitulate tumor heterogeneity with recruitment of 
host stromal cells and maintenance of both tumor stroma and 
tumor/non-tumor vasculature interactions 
2) Most OvCacell lines can be transfected or transduced to express 
fluorescent or bioluminescent vectors to enable longitudinal optical 
imaging of tumor growth 

Serous-type cancers:  OvCa 
(OVCAR3, SKOV3, PEO23 etc.) 
Clear cell –type cancers (ES-
2,TOV-21G) 
Primary and fallopian tube cells 

(Hua, Christianson et. 
al., 1995; Miyajima, 
Nakano et. al., 1995; 
Provencher, Lounis 
et. al., 2000; Hu, 
Hofmann et. al., 
2005) 

Genetically 
engineered 

mouse models 
(GEMM) 

a) Ovarian surface 
epithelium, fallopian 
tube 

1) Genes (p53, RB, Myc, Akt, Pten) are expressed or deleted specifically 
in the ovary and fallopian tube to evaluate the physiological relevance of 
defined genetic changes 
2) These preclinical models are useful to study drug rsistance and for 
discovery of serum biomarkers 

 

Transgenic mice infected with a) 

OSE cells (p53-depleted with 

presence of oncogenes) and b) 

targeted deletion of BRCA1/2 

(Orsulic, Li et. al., 
2002; Chodankar, 
Kwang et. al., 2005) 
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1.4 Overview of Section I: Highlights and Challenges in EOC 

 

 Serous cancers comprise a group of pelvic cancers of the ovary, primary peritoneal 

and fallopian tube cancers.  

 For all three serous epithelial cancers, their specific diagnosis can only be ascertained 

based on surgical staging and examination by pathologists based on the 

recommended FIGO guidelines. 

 Misclassification of serous tumours based on their origin (ovarian, peritoneal or 

tubal) often occurs when the primary site of cancer is unknown.  

 Serous cancers of the ovary, peritoneum and tube are treated identically, namely with 

maximal cytoreductive surgery and platinum-based chemotherapy. 

 The identification of the secretory epithelium cells of the fallopian tube has emerged 

as a potential source for some of these serous cancers; leading to important 

implications for future differential detection, treatment and prevention. 

 Early, non-invasive markers to detect tubal intraepithelial carcinoma (TICs) of the 

fallopian tube are relatively unknown and are dependent on tubal tissue specimens 

obtained from bilateral-salphingo oophorectomy (BSO) procedures. 

 Patients with molecular alterations in p53, BRCA 1 and BRCA 2 are susceptible to 

all three serous cancers. 

 The expression of CA125, the most extensively studied serum marker for ovarian 

cancer, is not sensitive or specific enough to be used alone as an early detection 

marker.  

 Most of the research so far has been carried out using BSO specimens and 

commercially available ovarian cancer cell lines with a major focus on ovarian 

carcinogenesis.
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1.5 Glycosylation in Cancer 

 

Aberrant glycosylation has been well documented in essentially all types of experimental 

and human cancer for over 35 years, in which many glycosylated epitopes constitute 

tumour-associated cancer antigens (TACAs) which play key roles in the development and 

progression of cancers (Hakomori, 1984). TACAs are differentially expressed by tumour and 

non-tumour cells and are involved in key pathophysiological processes during the various 

steps of tumour progression such as tumour growth, cell signalling, cell migration, invasion, 

metastasis, angiogenesis, and evasion of innate immunity (Hakomori, 1989; Hakomori, 1991; 

Fuster and Esko, 2005; Ghazarian, Idoni et. al., 2011). These glycosylated structures have 

also been studied extensively for the use as specific tumour biomarkers and potential 

therapeutic targets (Hakomori, 1989; Pochechueva, Jacob et. al., 2012). Despite the long-

standing argument of whether aberrant glycosylation is a cause or consequence of 

carcinogenesis, many studies have indicated that in most cases this phenomenon is the result 

of initial oncogenic transformation and is a key event in the induction of tumour invasion 

and metastasis.  

The mechanisms in which glycosylation promotes or inhibits tumour invasion and 

metastasis represent a crucial aspect in cancer research and to date, this area of study is less 

understood and has indeed, received very little attention from most cell biologists involved 

in cancer research (Hakomori, 2002; Pochechueva, Jacob et. al., 2012). This is largely due to 

complexities in the structural and functional concepts of glycosylation in cancer as opposed 

to the more well-defined functional roles of certain genes and proteins that govern the 

majority of the cancer cell phenotypes and the molecular events associated with apoptosis 

(Hiraishi, Suzuki et. al., 1993; Kakugawa, Wada et. al., 2002), motility (Zeng, Gao et. al., 

2000), cell signalling (Zheng, Fang et. al., 1994; Isaji, Sato et. al., 2006), angiogenesis (Saito, 

Miyoshi et. al., 2002) and many more. The major roles of glycosylation in regards to the 

aberrant expression of glycan structures and their implication in the promotion or inhibition 

of tumour progression is highlighted in Figure 3.  
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Figure 3: The known involvement of glycoprotein N-glycans (GlcNAc branching, bisecting GlcNAc, 

sialylation), O-glycans (Tn, sTn, Core 2, sLeA, sLeX, Sialyl-6-sulfo-LeX) and glycolipids (LacCer, Lc3, Lc4, 

nLc4, GD3, GM3, Gb5) in various processes in cancer. Cancer is defined by several key phenotypes: apoptosis, 

motility, angiogenesis, EGF receptor tyrosine kinase, matriptase (matrix-destroying enzyme) activity, self-

adhesion (through cadherin), adhesion to ECs and platelets (through E-, L-or P-selectin), adhesion to ECM 

(through integrin), adhesion to blood cells (through siglecs). The consequence of the expression of different 

glycosylation features (light orange and light green boxes) in cancer and their corresponding regulation of 

each phenotype (↑, ↓) as are indicated. Phenotypes displaying ↑ or ↓ in orange boxes inhibit tumour 

invasiveness, while green boxes promote invasiveness. Yellow coloured box appear to have variable or unclear 

effect on tumour invasiveness. Figure revised and reproduced from Hakomori, S. (2002).  
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1.5.1 Glycosylation in EOC 

 

Cellular glycosylation changes, which give rise to the expression of tumour-associated 

glycans in ovarian cancer have also been investigated using several approaches such as 

immunohistochemistry and lectins, in which the differential expression of carbohydrate 

antigens between normal tissue and ovarian cancer tissue (Dietel, 1983; Ryuko, Iwanari et. 

al., 1993; Tashiro, Yonezawa et. al., 1994) as well as between tumour histotypes (Federici, 

Kudryashov et. al., 1999; Abbott, Nairn et. al., 2008; Abbott, Lim et. al., 2010) have been 

observed. In addition, significant technological advancements in mass spectrometry-based 

glycomics over the past few years have also led to the discovery and identification of specific 

glycan profiles on serum and secreted glycoproteins, particularly implicating increased 

branching, core fucosylation and sialylation  (Kui Wong, Easton et. al., 2003; Saldova, Royle 

et. al., 2007; Biskup, Braicu et. al., 2013; Kim, Ruhaak et. al., 2014).  

The majority of studies investigating glycosylation changes at a cellular level have been 

carried out using established ovarian cancer cell lines. Although cell lines do not provide an 

ideal representation of tumour micro- and macro-heterogeneity, substantial changes 

pertaining to malignant characteristics can be investigated in order to identify relevant 

glycan expression patterns. For instance, glycoproteins with terminal α2-6-linked sialic 

acids have been detected using Sambucus nigra (SNA-1) lectin in a number of ovarian cancer 

cell lines (Escrevente, Machado et. al., 2006) while another lectin-based study indicated that 

α2-6 sialylation of β1 integrin, a membrane-associated glycoprotein, confers a more 

metastatic phenotype through its increased adhesion to, and migration on, collagen I 

(Christie, Shaikh et. al., 2008). Apart from sialylation, high-mannose type N-glycans derived 

from glycoproteins of SKOV 3 and OVCAR 3 ovarian cancer cell lines, including the well-

known ovarian cancer biomarker, CA125 (Kui Wong, Easton et. al., 2003; Machado, Kandzia 

et. al., 2011) have been identified. Thomas et. al. and co-workers also recently developed a 

monoclonal antibody, TM10, which was shown to have specificity towards high mannose N-

glycans on glycoproteins derived from a range of ovarian cancer cells (Newsom-Davis, 

Wang et. al., 2009). This antibody however, was not tested on non-cancerous cells. Other 

less investigated N-glycan motifs such as core fucosylation and LacdiNAc-type were also 

reported on the glycoproteins of SKOV 3 cells, while bisecting-type N-glycans were found 

to be up-regulated on the CA125 glycoprotein (Kui Wong, Easton et. al., 2003). 
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Tumour-specific glycan changes have also been observed on a number of cellular 

glycoproteins which have led to the identification of novel ovarian cancer biomarkers. In one 

particular targeted glycoproteomic study by Abbott et. al., the differential binding of lectins 

specific for bisecting type and core fucosylated N-glycan structures were observed on 

epithelial endometrioid ovarian cancer tumours as compared to the normal ovarian tissue. 

The authors also validated this study by screening for glycoproteins bearing these specific 

glycan changes in the serum of ovarian cancer patients and confirmed the utility of these 

glycans in distinguishing patients’ serum from normal serum (Abbott, Lim et. al., 2010). In 

regards to alterations in O-glycosylation, a few studies have observed the increased 

expression of Tn and sialyl-Tn antigens in a range of malignant serous, endometroid and 

mucinous ovarian tumours as compared to borderline tumours when examined 

immunohistochemically using newly developed antibodies (Inoue, Ton et. al., 1991; Ogawa, 

Ghazizadeh et. al., 1996). In all of the tissues examined, there was no expression of precursor 

Tn antigen without the presence of sialyl-Tn, thereby leading the authours to conclude that 

the accumulation of sialyl-Tn antigen is an early, pre-cancerous indicator of carcinogenesis 

of the ovary, providing additional prognostic information on patient outcomes. Likewise, the 

Lewis family antigens (Type 1 and Type 2 terminal structures, e.g., Lewis a/b and Lewis 

x/y antigens, respectively) was demonstrated in several studies of ovarian carcinomas 

(Tashiro, Yonezawa et. al., 1994; Yin, Finstad et. al., 1996). As part of this thesis, a 

publication that reviews the membrane glycosylation changes in epithelial ovarian cancer, in 

comparison to other cancers of the liver, breast, colon and melanoma has been recently 

published (Section 1.8.1).  
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1.5.1.1 Detection of Anti-glycan Auto-antibodies in Serum of EOC Patients 

 

In ovarian cancer, the biological potential of altered glycosylation has been shown to be 

reflected by tumour-associated cancer carbohydrate antigens which are recognised by 

binding auto-antibodies in the serum. In a recent study by Jacob et. al. (2012), the authors 

characterised and evaluated the diagnostic potential of serum-based antibody recognition of 

carbohydrate antigens in ovarian cancer patients versus healthy controls using standardised 

printed glycan arrays (Jacob, Goldstein et. al., 2012). Interestingly, serum antibodies 

directed at the P1 antigen trisaccharide (Galα1-4Galβ1-4GlcNAcβ) were identified as a 

potential candidate biomarker for various ovarian cancer subtypes of ovarian origin, 

excluding the non-mucinous subtype, while a combinatory panel of six glycans comprising 

of biological and non-biological motifs such as Galα1-4Galβ1-4GlcNAcβ (P1), Neu5Acα2–

3Galβ1-4-(6-Su)GlcNAcβ, Neu5-Acβ2-6GalNAcα, Neu5Acβ2-6Galβ1–4GlcNAcβ, 

Neu5Acα2-3Galβ1-3-(6-Su)GalNAcα and Galβ1–4GlcNAcβ1–6Galβ1–4GlcNAcβ were 

found to generate a high discriminatory potential between the non-cancer and cancerous 

serum samples. It was hypothesised that the binding of the anti-glycan auto-antibodies may 

be directed towards the cell surface carbohydrate antigens which have become exposed to 

the antibodies during oncogenic transformation of cells and remodelling of extracellular 

matrices (Jacob, Goldstein et. al., 2012). The structural glycan motifs identified in this 

serum-based study, however, have never, until now, been detected in cell lines or clinical 

tissue samples. Nevertheless, the realisation that specific glycan motifs could potentially be 

utilised for both diagnostic or therapeutic purposes, point to the critical need for structurally 

characterising membrane glycosylation changes in ovarian cancer, especially in the context 

of representative, clinically-derived samples. 
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1.6 Historical Overview of Glycobiology 

 

As compared to other major classes of biomolecules such as DNA and proteins, 

carbohydrates have been primarily investigated as a source of energy and structural material 

that lacked any significant biological activities (Sharon, 1980). However, in the late 1980’s, 

the development of new methodologies for the study of glycans paved the way for a new 

frontier of molecular biology, known as glycobiology, which combines traditional disciplines 

of carbohydrate chemistry with the modern understanding of cellular glycans (Rademacher, 

Parekh et. al., 1988; Cabezas, 1994). The term ‘glycobiology’ encompasses the study of the 

structure, biology, biosynthesis and saccharides (glycans) that are present in nature and the 

proteins that recognize them. To date, it has become one of the most rapidly growing areas 

of research in the natural sciences, with a widespread significance in basic research, 

biomedicine, and biotechnology. More specifically, this field includes the study of chemistry 

of carbohydrates, enzymology, glycan recognition by proteins, glycan roles in complex 

biological systems and analytical techniques to unravel their structures (Sharon and Lis, 

1993; Marino, Bones et. al., 2010; Freire-de-Lima, 2014).  

1.6.1 N- and O- Glycosylation 

 

The term ‘glycosylation’ refers to the attachment of carbohydrate residues (glycans) to the 

aglycone (non-carbohydrate entity), forming a dense glycocalyx which covers all cell 

surfaces (Spiro, 2002; Lanctot, Gage et. al., 2007) (Figure 4). Glycosylation is perhaps one of 

the most frequently observed and structurally diverse forms of post-translational protein 

modification, with over 50 % of proteins estimated as being substituted with glycans at 

several attachment sites (Apweiler, Hermjakob et. al., 1999). Unlike the syntheses of other 

macromolecules such as proteins and nucleic acids which are well-defined and template-

driven, the biosynthetic pathway of glycosylation is a complex event that is well coordinated 

by different repertoires of glycosyltransferases and glycosidases within the ER and Golgi 

apparatus of each cell (Spiro, 2002). Glycan structures are remarkably diverse as these cyclic 

residues can be linked through many different carbon positions to another monosaccharide 

ring structure, thus forming various branched or linear oligosaccharide structures (Varki, 

2009). Glycans expressed on cell surfaces are the first to be encountered by neighbouring 

cells, thus mediating interactions between cells as well as the extracellular matrix (Crocker 

and Feizi, 1996; Solis, Jimenez-Barbero et. al., 2001). 
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Figure 4: Glycosylation on the cell membrane. Sourced from Valmu, L. (2009) 

 

Furthermore, these glycan chains can also significantly alter protein folding and 

conformation, which may in turn, modulate the function of a protein and their interactions 

with other proteins (Dwek, 1996). The final structure of the glycan is also dependent on the 

polypeptide backbone and a number of variable factors such as enzyme availability 

(glycosidases, glycosyltransferases) and substrate levels, which may change in a cell during 

growth, differentiation and development (Roth, 2002; Spiro, 2002). On eukaryotic cells, the 

common classes of glycans are defined according to the nature of the linkage to the 

respective aglycone. For instance, a glycoprotein is a glycoconjugate, in which the protein 

contains one or more glycan chains that are covalently attached via N- or O-linkages to the 

polypeptide backbone. N- and O-glycosylation represent the two major type of protein 

glycosylation as described below: 

a) N- linked glycosylation (N-glycans) 

N-linked glycosylation of proteins involves the covalent attachment of a glycan, linked via 

an N-glycosidic bond, to the amide group of the asparagine (Asn) residue within the amino 

acid sequence, Asn-X-Ser/Thr, where X can be any amino acid except proline (Pro). It is 

estimated that approximately 65% of the potential glycosylation sequons are occupied in 

proteins, in which 70% are of the Asn-X-Thr sequeon (Petrescu, Milac et. al., 2004). Five 

different N-glycan linkages have been identified, of which the N-acetylglucosamine that is β-

glycosidically to asparagine (GlcNAcβ1-Asn) is the most common (Stanley, Schachter et. al., 

2009). Other less common linkages to the Asn residue that have been described include 

glucose to Asn in laminin of mammals and Archaea, N-acetylgalactosamine (GalNAc) to 

asparagine in Archaea, glucose to Arg in sweet corn glycoprotein and rhamnose to Asn in 

bacteria. All GlcNAc reducing terminus N-glycans share a common pentasaccharide core 
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sequence, Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ1, and are classified into three 

main classes: a) oligomannosidic glycans containing only mannose residues attached to the 

core, b) complex-type glycans, consisting of an “antennae” initiated by N-

acetylglucosaminyltransferases (GlcNAcTs) attached to the core and c) hybrid glycans with 

mannose residues attached to the Manα1-6 arm of the core and GlcNAc initiated antennae 

on the Manα1-3 arm (Stanley, Schachter et. al., 2009).  

b) O-linked glycosylation (O-glycans) 

O-linked glycosylation refers to the attachment of the glycan that is α-glycosidically linked 

via N-acetylgalactosamine (GalNAc) to the hydroxyl group of serine or threonine residues 

(Hanisch, 2001). Although these glycans do not share a common core structure such as N-

glycans, they comprise of a number of different structural core classes. There are four main 

common O- glycan core structures, designated as Core 1 to Core 4 and the additional less 

commonly found types known as Core 5 to Core 8 (Brockhausen, Schachter et. al., 2009). 

Mucin-type O-glycosylation represents the most common form in mammals, in which large 

mucinous glycoproteins are heavily O-glycosylated, ranging from single glycan chains to 

hundreds of large, branched glycans. Mucins, produced by the epithelial cells of salivary 

glands and mucous membranes are found primarily in mucous secretions and as 

transmembrane proteins of the cell surface (Tabak, 1995). There are also many other types 

of non-mucin O-glycans which include the α-linked O-mannose, α-linked O-fucose, β-linked 

O-xylose and β-linked O-GlcNAc (Hansen, Lund et. al., 1996). 
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1.6.1.1 Synthesis of N-glycans in Eukaryotes 

 

The N-linked glycosylation of proteins at the consensus sequence Asn-X-Ser/Thr is a co-

translational event which occurs during protein synthesis. The biosynthesis of N-glycans is 

initiated on the cytoplasmic face of the endoplasmic reticulum (ER) membrane (Figure 5), in 

which the GlcNAc-P from UDP-GlcNAc is transferred to the membrane-bound lipid-like 

precursor dolichol phosphate (Dol-P), forming dolichol pyrophosphate N-acetylglucosamine 

(Dol-P-P-GlcNAc) (Kornfeld and Kornfeld, 1985; Schwarz and Aebi, 2011). This step is 

catalyzed by a specific enzyme, GlcNAc-1-phosphotransferase, that transfers the sugar 

linked to a phosphate (GlcNAc-1-P) from UDP-GlcNAc. Next, the other GlcNAc residue 

and five Man residues are subsequently transferred to form the Man5GlcNAc2-P-P-Dol 

precursor which translocates across the ER membrane, mediated by an enzyme known as 

‘flippase’. The assembly of the mature N-glycan lipid-linked oligosaccharide precursor, 

Glc3Man9GlcNAc2-P-P-Dol, is carried out in a sequential manner, through the addition of 

other glycan residues donated by Dol-P-Glc and Dol-P-Man. The entire synthesis of this 

14-sugar N-glycan precursor is mediated by the action of glycosyltransferases in the 

asparagine-linked glycan (ALG) pathway. Once completed, the ‘en bloc’ transfer of this 

glycan precursor to a conserved Asn-X-Ser/Thr sequon of a folded protein is catalysed by 

the oligosaccharidetransferase complex (OST) (Schwarz and Aebi, 2011). 

         

 

 Figure 5: N-glycan biosynthesis pathway. Reproduced and revised from Ernst and Magnani (2009) and 

Schnaar R. L.et. al. (2008) 
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In the ER, the transferred, protein-bound N-glycan undergoes several processing steps 

which include the trimming of glucose and mannose residues at the non-reducing end by 

specific glycosidases (Taylor and Drickamer, 2006). Specifically, the α1-2 linked glucose 

residue and the remaining two α1-3 linked glucoses are trimmed by the enzyme, glucosidase 

I and II, respectively which reside in the lumen of the ER. In some cases, the removal of 

glucose residues may be inhibited by glucosidase I inhibitors, and the glycoproteins are 

partially trimmed by the ER α-mannosidase I, which removes terminal α1-2Man residues, 

resulting in Glc3Man7–9GlcNAc2 structures on mature glycoproteins. The majority of the 

glycoproteins, however, exit the ER with eight or nine Man residues and the trimming 

process of α1-2Man residues resumes in the Golgi through the action of α1-2 mannosidases, 

giving rise to the Man5GlcNAc2 intermediate. While this glycan intermediate is key to the 

formation of hybrid and complex-type glycans, not all glycoproteins are fully processed to 

Man5GlcNAc2 and these incompletely processed glycoproteins will carry N-glycans bearing 

Man5–9 GlcNAc2, also known as high mannose-type glycans (Stanley, Schachter et. al., 2009).   

Further processing takes place in the medial-Golgi after the de-mannosylation process, in 

which the N-acetylglucosaminyltransferase, GlcNAcT-I, adds an N-acetyl-glucosamine 

residue to the C2 of the α1-3 mannose arm of the core Man5GlcNAc2  (Schachter, 2000). 

Once this transfer has been catalysed, subsequent processing by α-mannosidase II, another 

resident of the medial-Golgi is carried out to remove the remaining terminal Man residues, 

forming GlcNAcMan3GlcNAc2. The second N-acetylglucosamine is added to C-2 of the α1-

6-linked mannose arm by the action of GlcNAcT-II to yield the common precursor for 

biantennary, complex N-glycans. In the event that α-mannosidase II fails to trim 

GlcNAcMan5GlcNAc2, the peripheral α1–3Man and α1–6Man residues remain intact and 

hybrid glycan are formed. The complex N-glycans can be further extended, in which 

additional branches (antennae) can be initiated at the C-4 of the α1–3 linked mannose arm by 

GlcNAcT-IV and C-6 of the α1-6-linked mannose arm by GlcNAcT-V, yielding tri- and 

tetra-antennary N-glycans. Highly branched N-glycans can also be generated by the action 

of enzymes, GlcNAcT-VI, GlcNAcT-IX or GlcNAcT-Vb (Lau, Partridge et. al., 2007). 

These branched structures are typically extended by galactose residues which are further 

capped by the transfer of sialic acids at the terminal non-reducing end (Figure 6). The core 

mannose can also be modified by another enzyme, GlcNAcT-III, which transfers N-

acetylglucosamine to the β-linked mannose to generate the bisecting-type N-glycans. 

Similarly, the reducing-end GlcNAc can also be modified by a fucose residue to form core 

fucosylated N-glycans, a common modification observed in humans. Terminal fucosylation is 
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another common modification, in which fucose is linked to either the galactose (Gal) or N-

acetyl-glucosamine (GlcNAc) residues of the antennae to form Lewis or blood group 

antigens (Figure 6). The addition of galactose, fucose and sialic acid residues are carried out 

sequentially by the action of respective galactosyltransferases, fucosyltransferases and 

sialyltransferases located in the Golgi. As a result of these extensions and modifications of 

the N-glycans, the final structure of the N-glycan can vary in different cells and tissues, 

leading to their structural diversity and complexity (Ohtsubo and Marth, 2006; Blixt and 

Razi, 2008). 

 

 Figure 6: Common extensions/modifications in N- and O-glycans. Revised and reproduced from Varki, A. et. 

al. (2009) 
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1.6.1.2 Synthesis of O-glycans in Eukaryotes 

 

O-glycans typically contain between 1-20 monosaccharide residues, in which the simplest 

mucin O-glycan has a single N-acetylgalactosamine (GalNAc) residue linked to a serine or 

threonine, also known as the Tn antigen (Hanisch, 2001) (Figure 7). The most common O-

glycan, however, is the Galβ1-3GalNAc disaccharide, found in many mucins and 

glycoproteins. It is also termed as Core 1 or T antigen and it forms the basic core structure 

for many longer and more complex O-glycans. Both Tn and T antigens, as their names 

suggest, are antigenic glycans and they may be modified by the addition of sialic acid, to 

form sialyl-Tn or sialyl-T antigens (Brockhausen, Schachter et. al., 2009). The Core 1 O-

glycan is further extended by the addition of the branching β1-6 N-acetylglucosamine 

(GlcNAc), to form another common core structure, Core 2, which is found in a variety of 

cells and tissues. Core 2 structures are also typically extended by repeating lactosamine 

units (Galβ1-4GlcNAc) which are further modified by fucose and sialic acid residues 

(Maemura and Fukuda, 1992; Tarp and Clausen, 2008). The linear Core 3 O-glycan is 

formed when a β1-3 N-acetylglucosamine is linked to the single GalNAc residue and this 

structure is converted to Core 4 O-glycan by the addition of β1-6 N-acetylglucosamine via 

the action of β1-6 N-acetylglucosaminyltransferase (Vavasseur, Yang et. al., 1995; Iwai, 

Inaba et. al., 2002). The expression of these structures is restricted to the salivary glands, 

intestinal and respiratory tracts and has been found only in secreted mucins. The least 

common core structures, Core 5 to Core 8 O-glycans are extremely restricted in their 

occurrence and the enzymes synthesising these structures have yet to be characterised 

(Brockhausen, Schachter et. al., 2009). Nevertheless, they have been previously found in 

colonic and intestinal adenocarcinoma tissue, human intestinal and ovarian cyst, breast 

cancer tissues and human respiratory mucins (Hollingsworth and Swanson, 2004; 

Brockhausen, 2006). Many of the terminal structures of O-glycans are antigenic and have 

lectin binding sites, comprising of fucosylated, sialylated or sulphated motifs or poly-

lactosamine repeating units. 
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Figure 7: O-glycan biosynthesis pathway. Modified and adapted from Nakayama, Y. et. al. (2013) 
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1.6.2 Synthesis of Glycolipids in Eukaryotes 

 

A majority of glycolipids in vertebrates are composed of glycosphingolipids (GSLs), a large 

and heterogenous family of amphipathic lipids that are anchored to the cell membranes 

(Maccioni, Giraudo et. al., 2002). The common lipid component of GSLs, ceramide, is 

composed of an amide-linked fatty acid and a long-chain amino alcohol (sphingosine) which 

vary in length, hydroxylation and saturation, thereby giving rise to a structural diversity of 

lipids (Farwanah and Kolter, 2012). Nevertheless, the major structural and functional 

classifications of GSLs have traditionally been based on the glycan portions of the glycolipid 

which contain more than ten monosaccharide units which differ in terms of their structure, 

linkage and composition. Despite the diverse glycoforms, most organisms express only a 

limited set of GSL core structures, also known as the GSL series, which share common 

carbohydrate sequences. The first monosaccharide residues linked to the 1-hydroxyl group 

of ceramides are typically β-linked galactose or glucose which forms GalCer and GlcCer, 

respectively (Chester, 1998). GalCer glycolipids and the sulfatide analogue (with sulfate 

residue on C-3 hydroxyl of galactose) represent the most abundant glycans in the brain, 

where they are implicated in the structural and functional roles of myelin. Interestingly, a 

sialylated form of GalCer (NeuAcα2-3GalβCer), also known as GM4, has also shown to be 

associated with myelin. These GalCer glycolipids are rarely extended to form larger glycan 

chains as compared to members of the diverse and large GlcCer family of glycosphingolipids 

found in higher animals (Schnaar, Suzuki et. al., 2009). In complex vertebrates, the C-4 

hydroxyl of the glucose residue in GlcCer is substituted with the β-linked galactose, to form 

a lactosylceramide (Galβ1-4GlcβCer)(Hakomori, 2003). Additional glycans are then added to 

this moiety to generate a series of neutral ‘core’ structures that form the basis of 

glycosphingolipid nomenclature as shown in Figure 8.  

The ganglio-series glycosphingolipids (gangliosides), are sialic acid-containing glycans 

which are formed by NeuAc:lactosylceramide α2-3 sialyltransferase which catalyses the 

transfer of sialic acid to the lactosylceramide (Galβ1-4GlcβCer) to make the simple 

ganglioside, GM3. GM3 acts as the acceptor for UDP-GalNAc β1-4 N-

acetylgalactosaminyltransferase to subsequently generate larger gangliosides. The widely 

used nomenclature by Svennerholm has been used for gangliosides (Svennerholm, 1964). In 

this nomenclature, gangliosides are commonly known as GM1, GM2 or GM3, in which the 

first letter G refers to ganglioside series, the second letter refers to the number of sialic acid 

residues (‘A’=0, ‘M’=1, ‘D’=2, etc), and the number (1, 2, 3, etc.) refers to the order of 

migration of the ganglioside based on thin-layer chromatography (e.g., GM3 > GM2 > 
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GM1). Apart from the ganglio-series, the globo and isoglobo-series have the 

lactosylceramide extended by galactose to form Galα1-4Galβ1-4GlcβCer and Galα1-

3Galβ1-4GlcβCer, respectively. On the other hand, the lacto- and neo-lacto series are 

comprised of the Galβ1-3GlcNAcβ1-3Galβ1-4GlcβCer and Galβ1-4GlcNAcβ1-3Galβ1-

4GlcβCer, respectively which extend the lactosylceramide with  β1-3GlcNAc (Fujii, Numata 

et. al., 2005). For these lacto- and neo-lacto series, sialic acid residues can also be attached to 

the galactose residues within the core structures. The function and diversity in 

glycosphingolipids greatly reflects the importance of these structures, not just in their 

interactions with carbohydrate binding lectins, but also in their interaction with proteins 

present in the same membrane (Brown and London, 2000). These glycosphingolipids are 

also expressed in a tissue specific pattern, with gangliosides, although broadly distributed, 

found predominantly in the brain, while neo-lacto series are commonly found on 

hematopoietic cells including leukocytes. In contrast, the globo-series structures are mostly 

found on erythrocytes, while the lacto-series have been identified in secretory organs 

(Schnaar, Suzuki et. al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Glycosphingolipid (GSL) series of higher eukaryotes (A). In the synthetic pathway of 

glycosphingolipids, three alternate pathways (lacto/neolacto-series, globo/isoglobo-series, and ganglio-series) 

arise from LacCer while the Gala-series is formed from the GalCer (B). Modified and adapted from Tsukuda Y. 

et. al. (2012).                                                                            
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1.7 Glyco-epigenetic Regulation in Ovarian Cancer 

 

Ovarian cancer is caused by progressive genetic alterations such as mutations in oncogenes, 

tumour suppressor genes, and other abnormalities as well as epigenetic alterations (Bast, 

Hennessy et. al., 2009; Kwon and Shin, 2011). Epigenetics is defined as acquired heritable 

changes in gene expression that are not caused by alterations in DNA sequence (Esteller, 

2008). These alterations result in abnormal gene transcriptional regulation which reflects in 

changes in their expression profiles, thus affecting apoptosis, cellular differentiation, 

proliferation and survival. In view of the fact that early diagnosis is critical for the successful 

treatment of EOC, specific methylated DNA markers can be detected in the blood plasma, 

serum and peritoneal fluid of ovarian cancer patients (Ibanez de Caceres, Battagli et. al., 

2004). In fact, it has been shown that a panel of tumour-specific methylation biomarkers of 

at least one of a panel of six tumour suppressor genes- BRCA1, RASSFIA, APC, p14, p16 

and DAPK could be detected in serum of ovarian cancer patients with 100 % specificity and 

82 % sensitivity (Ibanez de Caceres, Battagli et. al., 2004).  

Just like the expression of any gene in the human body, glycan biosynthesis can also be 

influenced by alteration of gene expression through epigenetic regulations such as DNA 

methylation or histone modification (Zoldos, Horvat et. al., 2012; Zoldos, Horvat et. al., 

2013). The number of studies investigating the involvement of epigenetic factors in protein 

glycosylation, however, is rather limited (Horvat, Zoldos et. al., 2011; Zoldos, Horvat et. al., 

2012). Nevertheless, to date, glycosylation events in cancer have been linked with epigenetic 

regulation, thereby emphasising the importance of identifying these epigenetic alterations to 

gain further insights into the link between these alterations at a genetic level with 

corresponding effects on glycosylation and glycan structures (Zoldos, Grgurevic et. al., 

2010). For the purpose of this thesis, DNA methylation changes associated with EOC, 

including glycosyltransferase genes involved in the glycosylation pathways, are described in 

Table 8. 
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Table 8: Epigenetic  Regulation of Genes in EOC 

Epigenetic 
Regulation 

Characteristics 
Genes/Glycosyltransferase 

genes 
Studies References 

DNA 
Hypermethylation 

                                                                                           
1) Occurs at CpG-rich regions or CpG 
islands of genes, leading to 
inactivation of genes     
                                                                                              
2) In normal cells, CpG islands of 
active vital genes are unmethylated to 
allow for gene activation 

                                                                                           
Tumour suppressor genes:                                        
1) BRCA1                                                        
2) BRCA2 

1) 5-24 % of EOC                                                      
2) 14 % of sporadic EOC but not in 
hereditary EOC                                                 
3) No correlation of BRCA1 methylation 
with  histological subtypes, grades or 
stages                                                           
4) BRCA2 promoter methylation is rarely 
observed in sporadic non-hereditary 
ovarian cancers 

  
(Takai and Jones, 2002) 
(Esteller, Corn et. al., 2001) 
(Baldwin, Nemeth et. al., 
2000; Strathdee, Appleton et. 
al., 2001) (Bol, Suijkerbuijk et. 
al., 2010) (Gras, Cortes et. al., 
2001). 

DNA 
Hypomethylation 

 
1) Contributes to structural 
chromosomal changes and 
chromosome instability through 
activation of proto-oncogenes, 
aberrant recombination and increased 
mutagenesis   
                                                                              
2) In normal cells, repeated genomic 
sequences are heavily methylated to 
to prevent chromosomal re-
arrangements  

Non-glycosyltransferase 
genes:                                       
1) Methylation-controlled 
DNAJ (MCJ)  

2)synuclein -γ (SNCG)                  
3)taxol-resistance associated 
gene (TRAG-3)                                                      
4) Insulin-like growth 
factor(IGF2)                                       
5) Claudin-4 membrane protein         
 
Glycosyltransferase  genes:                                             
1) ST3GAL4                                                  
2) MGAT5 

1) Extensive hypomethylation in advanced-
stage tumours                                               
2) Serous and endometrioid tumours 
display higher DNA methylation as 
compared to mucinous subtype                                                  
 
 
 
2)  Global de-methylation correlates with 
increased expression of glycosyltransferase 
genes (increase in sialylation and tri-
antennary branching and loss in core 
fucosylation)                                           

  
(Ehrlich, 2002; Ehrlich, 2002; 
Eden, Gaudet et. al., 2003; 
Strathdee, Vass et. al., 2005; 
Czekierdowski, 
Czekierdowska et. al., 2006) 
(Widschwendter, Jiang et. al., 
2004; Yao, Hu et. al., 2004; 
Murphy, Huang et. al., 2006; 
Litkouhi, Kwong et. al., 2007)    

                            

 
(Saldova, Dempsey et. al., 
2011) 
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1.8 Overview of Section II: Highlights and Challenges in EOC Glycosylation 

 

 Glycosylation is the most common post-translational modification of proteins and 

lipids and is highly reflective of changes in the cellular environment. 

 Glycobiology is one of the most rapidly growing areas of research in today’s post-

genomic era and is likely to have a widespread significance in major research fields as 

development of new methodologies and technological advancements progress in the 

near future. 

 The glycan structures of glycoproteins (N- and O-linked) and glycolipids are diverse, 

ranging from single monosaccharides to large, branched oligosaccharide structures. 

 The mechanisms regulating the biosynthetic pathways of glycosylation such as 

availability of sugar nucleotide donors, transporters and glycosyltransferase enzymes 

are frequently disrupted in cancer, giving rise to aberrant glycosylation of tumour 

glycoproteins and glycolipids. 

 In cancer, the presence of tumour-specific glycan antigens plays crucial roles in 

angiogenesis, cell adhesion, cell signalling and metastasis and many more processes. 

 In ovarian cancer, aberrant glycosylation has been observed in a few studies 

investigating ovarian cancer cell lines and clinical tissues.  

 Anti-glycan autoantibodies that appear to have discriminatory potential for ovarian 

cancer have been detected in sera of patients; reflecting the antigenic nature of 

glycans in ovarian cancer. 

 There is a lack of studies on potentially different membrane glycosylation profiles of 

the non-ovarian derived serous cancer tissues (such as serous peritoneal and serous 

tubal cancers) which constitute high grade serous carcinomas of the pelvic cavity and 

are commonly grouped as EOC. 

 Epigenetic alterations in EOC may potentially have a role in the regulation of 

cellular glycosylation and in the expression of key glycosyltransferases in EOC. 
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1.8.1 Publication 1: Cell Surface Protein Glycosylation in Cancer 
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1.9 Mass Spectrometric and Non-Mass Spectrometric Methods of Glycan 

Characterisation 

 

1.9.1 Mass Spectrometric Analysis of Glycans 

 

Mass spectrometry has emerged as an enabling and indispensable technology which caters 

for the quantitative and qualitative applications in both discovery and targeted analysis of 

glycans and glycoconjugates from biological samples (Zaia, 2008). In the recent years, the 

combinatory power of mass spectrometry with other advanced separation techniques such as 

high-pressure liquid chromatography (HPLC) has been widely demonstrated in the field of 

glycomics, allowing for the sensitive detection and structural characterisation of specific 

glycan structural determinants. This analytical approach has been used in this thesis to 

identify specific membrane glycosylation changes implicated in serous cancers of the ovary, 

peritoneum and fallopian tube. 

 

1.9.2 Basic Principles of Mass Spectrometry 

 

Mass spectrometry is an analytical technique that is routinely used to provide both 

quantitative (molecular mass/concentration) and qualitative information on any molecule 

upon their conversion to ions (Ho, Lam et. al., 2003). Basically, mass spectrometers consist of 

three essential elements, namely the a) ionisation source, b) mass analyser and c) detector 

(Figure 9). In brief, the molecules or analyte of interest are introduced to the ionisation 

source within the mass spectrometer, where they are first ionised to become either positive- 

or negatively charged ions. These charged ions then travel through the mass analyser where 

they can be isolated electrically (or magnetically) according to their respective mass-to-

charge ratio (m/z). These ions eventually reach the detector and are transformed into 

electrical signals which are then integrated by a computer system. The signals are displayed 

graphically as a mass spectrum representing relative abundance of each signal (y-axis) 

according to their mass-to-charge ratios (x-axis). 
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 Figure 9: Components of a mass spectrometer. Sourced and modified from Barofsky, D.F (1999)                                                 

 

1.9.3 Ionisation Methods in Mass Spectrometry 

 

In mass spectrometry, the ion source is of primary importance and is often considered as the 

‘heart’ of the mass spectrometer (Chait, 1972). Very often, the success of any mass 

spectrometric analysis largely depends on the choice of ion source. The mode of ion 

production (negative or positive) is also a crucial factor which is determined by the sample 

that is investigated. These mass ions are subsequently interpreted by the chemist to yield 

vital information pertaining to molecular structure, composition etc. The conventional 

ionisation method, also known as electron impact (EI), is achieved by electron capture or 

electron ejection of vaporised samples which results in the formation of radical anions or 

cations, respectively (Munson and Field, 1966). These conditions are not ideal for large 

molecules or for most biological samples as specific sample characteristics such as thermal 

stability and volatility are required for efficient ionisation. Due to the limitations observed 

for EI ionisation, other ionisation methods such as chemical ionisation (CI) and plasma 

desorption (PD) were subsequently developed, resulting in the formation of protonated (or 

deprotonated) ions which were more stable than the formation of radical ions in EI-MS (El-

Aneed, Cohen et. al., 2009). PD ionisation, in particular, is also regarded as one of the early 

‘soft’ ionisation methods capable of analysing biological molecules up to a molecular weight 
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(MW) of 100,000 Daltons (Da). The term ‘soft’, in this context, refers to the minimum 

internal energy that is transmitted to the analytes during the ionisation process. In the 

following years, additional soft ionisation methods such as matrix assisted laser desorption 

ionisation (MALDI) and electrospray ionisation (ESI) have revolutionised the way in which 

mass spectrometers are utilised and have enabled analytical chemists to study biological 

molecules such as glycoconjugates (glycans, glycolipids, glycoproteins), proteins, peptides 

and DNA. A brief description of each of the three methods mentioned earlier and its 

application in the field of glycomics are described in Table 9. 

 

1.9.4 Mass Analysers in Mass Spectrometry 

 

A mass analyser is a component of the mass spectrometer in which the newly generated gas 

phase ions, upon ionization, are separated based on their mass-to-charge ratio (m/z) (El-

Aneed, Cohen et. al., 2009). The five main relevant features for measuring the performance of 

a typical mass analyser are mass range limit, sensitivity, mass accuracy, resolution analysis 

speed and transmission (Hoffmann and Stroobant, 2013). Several types of mass analysers 

have been developed based on their different separation principles highlighted in Table 10. 

The mass analyser used in this study consist of the quadrupole ion trap mass analyser which 

offers advantages due to its small and compact size, low costs, sensitivity and capacity to 

perform tandem MS experiments. During the detection process, the electrode potential is 

altered to produce ion instabilities, thus ejecting these ions in order of increasing m/z ratio.  

 

Table 10: Mass Analysers 

Type of Analysers Symbol Principle of separation 

Electric sector ESA Kinetic energy 

Magnetic sector B Momentum 

Quadrupole Q m/z (trajectory stability) 

Ion trap IT m/z (resonance frequency) 

Time-of-flight TOF Velocity (flight time) 

Fourier transform ion cyclotron resonance FTICR m/z (resonance frequency) 

Fourier transform orbitrap FT-OT m/z (resonance frequency) 
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Table 9: Ionisation Methods in Mass Spectrometry 

Ionization Source Process Significance Advantages/Disadvantages References 

Fast atom               
bombardment                    

(FAB) 

Bombardment of analyte with high-
energy atomic beam (argon) resulting 
in molecular spluttering and 
subsequent desorption of secondary 
ions from liquid to gaseous phase 

1) Formation of protonated 
(M+H) or deprotonated                           
(M-H) molecular ions                   
 
2) Establishment of 
systematic nomenclature  
for glycan fragmentation    

Advantages:                                                                                                                    
1) Small percentage of parent ions acquire 
sufficient energy to undergo fragmentation of 
labile bonds                                                                        
2) Can obtain compositional and sequence 
information                                                                        
 
Disadvantages:                                                                                                      
1) Analytes must be dissolved in special liquid 
matrix (glycerol, thioglycerol) 
 

 
(Barber, 1981; Barber, 
Bordoli et. al., 1982) 
(Roberts, Santikarn et. al., 
1988; Haslam, Morris et. al., 
2001) (Roboz, 2002) (Dell 
and Ballou, 1983; Egge, 
Dell et. al., 1983; 
Kamerling, Heerma et. al., 
1983; Ciucanu and Costello, 
2003). (Domon and 
Costello, 1988) 

Matrix-assisted laser 
desorption/ionisation 

(MALDI) 

Analyte molecules are mixed with 
small, laser-absorbing organic 
molecules (eg. 2,5-dihydroxybenzoic 
acid) and the sample mixture is 
evaporated on a metal target placed 
in a vacuum source.     
                                                                
Matrix co-crystallizes with analyte to 
form gas phase ions through a laser 
beam (nitrogen) 

1) Leading ionisation source 
for protein/peptide 
sequencing  
                                                            
2) Extensively used for 
glycan analysis  

Advantages:                                                                                                    
1) 10 to 100 times more sensitive than FAB 
without any prior derivatisation                                                                                               
2) Tolerant to salts and other contamination                                                                 
 
Disadvantages:                                                                                              
1) Ionisation efficiency of neutral glycans are low                                                                                             
2) Matrix used is not ideal for acidic glycans                                                                      
3) Glycans need to be permethylated as ionised as 
sodium cations 

 
(Mock, Davey et. al., 1991; 
Strupat, Karas et. al., 1991; 
Harvey, 1993; Zaia, 2010) 

Electrospray 
Ionisation                         

(ESI) 

Sample is dissolved in a suitable polar 
solvent and introduced to the ion 
source via a spray needle. 
 
High electrical potential at the tip of 
the needle generates charged droplets 
that result in desorption and ejection 
of ions into the gaseous phase. 

1)  Extensively used for 
glycan analysis                                
 
2) Generates multiple 
charged ions for large 
biomolecules  

Advantages:                                                                         
1) Useful for analysis of glycans with fragile 
constituents (sialic acids and sulphates)                   
2) Coupling with HPLC chromatography  
 
Disadvantages:                                                              
1) Presence of contaminants such as salts and/or 
detergents in the sample solution which can affect 
the sensitivity  

 
(Iribarne and Thomson, 
1976; Kebarle, 2000) 
(Vanderschaeghe, Festjens 
et. al., 2010) (Zaia, 2010) 
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1.9.4.1 Tandem Mass Spectrometry (MSn) 

 

Although single stage MS experiments have proven to be valuable for glycan structural 

determination based on molecular weight information in a MS spectra (Costello, Contado-

Miller et. al., 2007; El-Aneed, Cohen et. al., 2009), many aspects of their structural features 

such as sequence, linkage positions and branching patterns are not able to be determined by 

MS alone due to the complexity and heterogeneity of the isobaric glycan structures. The use 

of tandem MS in the field of glycomics, has therefore, become an indispensable tool, driven 

by the need to elucidate the specific structural features which are relevant in biomarker 

discovery, pathogen recognition  and the understanding of various disease processes. 

Tandem MS relies on the isolation of a specific m/z ion (eg. parent ion, precursor ion) which 

is then subjected to high energy fragmentation, thereby yielding subsequent fragments or 

product ions which correspond to various sub-structures (Lapadula, Hatcher et. al., 2005; 

Zaia, 2010; Everest-Dass, Kolarich et. al., 2013). Multiple fragmentation experiments 

performed in stages are represented as MSn, where n refers to the number of stages. For 

instance, the first stage of a tandem MS is known as MS2 and the subsequent dissociation of 

product ions from MS2 are termed as MS3, MS4 and so on (Zhang, Singh et. al., 2005). 

 

1.9.4.2 Collision Induced Dissociation (CID) 

 

In a tandem MS experimental set up, multiple mass analysers are connected in a series, in 

which ion isolation is performed by the first analyser, followed by fragmentation of that ion 

in a collision cell and finally separation of the fragment ions based on their m/z values by 

another analyser (Figure 10). The ion selected for MS/MS analysis undergoes collision 

with a stream of inert gas atoms in the collision cell, resulting in the transfer of kinetic 

energy internally, causing these ions to dissociate by the rupturing of bonds. This process is 

known as collisionally-activated dissociation (CAD) or more commonly referred to as 

collision-induced dissociation (CID). Typically, the most abundant product ion corresponds 

to the dissociation of the weakest bond. It must be emphasized that the interpretation of 

glycoconjugate product ions from MS/MS or multistage MS data is considerably more 

laborious than interpreting MS/MS spectra of peptides. For branched structures such as 

glycans, fragmentation can occur from the non-reducing end of the antennae and from the 

reducing end, giving rise to a higher level of complexity. Several studies have shown that 

CID-derived mass spectra have been successful in providing information on the linkage 

position (Chai, Piskarev et. al., 2001; Everest-Dass, Kolarich et. al., 2013), stereochemistry of 
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individual monosaccharide residues (Mueller, Domon et. al., 1988) and well as branching 

patterns (Chai, Piskarev et. al., 2002; Harvey, 2005c). For instance, oligosaccharides 

containing the same monosaccharide residues could have different branching patterns and 

very often show distinct fragment ion spectra due to the differences in steric environments 

between such isomers, thereby resulting in different bond energies and resultant product ion 

spectra. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 10: Collision-induced dissociation (CID) of a precursor ion m/z 2371- being fragmented in the   

 MS/MS collision cell. Sourced from http://www.waters.com/waters/en_US 
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1.9.5 Nomenclature for the Fragmentation of Glycoconjugates 

 

To facilitate the understanding of glycan fragmentation using tandem MS, the carbohydrate 

fragmentation nomenclature established by Domon and Costello (Domon and Costello, 

1988) has been widely used throughout the mass spectrometry field. In principle, the two 

major types of fragmentation commonly observed for glycans are cleavages arising from the 

rupturing of glycosidic bonds between sugar residues and within the sugar ring (internal 

cross ring). As shown in Figure 11, fragment ions containing the non-reducing end of the 

oligosaccharide are labelled as A, B and C, while fragment ions containing the reducing end 

(aglycone) oligosaccharide are labelled as X, Y, and Z. The subscripts indicate the number of 

individual sugar residues from the non-reducing end. Cleavage ions which arise from the 

rupturing of glycosidic bonds are represented as B, C, Y and Z, in which the B, Y and C ions 

consist of an oxonium, protonated species ion and protonated molecular ion respectively 

while the Z ion is a result of a glycosidic cleavage (O-C bond). The cross ring fragment ions, 

namely the A and X ions are labelled by assigning a subscript number to the cleaved bond in 

a clockwise fashion as illustrated in Figure 11. The mechanisms detailing two-bond ring 

cleavages have been previously described (Spengler, Dolce et. al., 1990; Hofmiester, Zhou et. 

al., 1991) and are particularly useful for determining residue linkages and branching 

structures (Ashline, Singh et. al., 2005; Zaia, 2010). 

 

 

 

 

 

 

 

                                

  

 

 Figure 11: Nomenclature for fragmentation of oligosaccharides established by Domon and Costello (1998).  

  Sourced and modified from Broadbelt, J.S. (2014) 
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1.9.5.1 Fragmentation of Glycans in Positive Ion Mode 

 

The CID fragmentation pattern of [M+H]1+ ions of native oligosaccharides, although not 

particularly informative, gives rise to mainly B and Y ions which are useful in assigning 

oligosaccharide sequences and determining glycan classes (Domon and Costello, 1988; Dell, 

1990). These cleavages occur towards the HexNAc residues at the reducing-end of complex-

type N-glycans, therefore allowing the definitive assignment of lactosamine (Gal-GlcNAc) 

disaccharide antennaes at the non-reducing end. Similarly, high-mannose type 

oligosaccharides produce a series of glycosidic cleavages from successive losses of hexose 

residues, resulting in a generally more uniform product ion pattern as compared to complex 

type N-glycans. Cross ring cleavages, on the other hand, are typically low in abundance as 

compared to the glycosidic cleavages, and are observed primarily from protonated ions 

generated from fragmentation of small oligosaccharides. These observations have led to 

subsequent efforts to increase the structural information obtained from the fragment ion 

mass spectra (Zaia, 2004) (Orlando, Allen Bush et. al., 1990). To date, permethylation of 

glycans ionised as [M+Na]1+ ions has become the preferred choice for analysis of glycans in 

positive ion mode as it enhances ionisation and improves MS sensitivity, leading to accurate 

structural assignments when tandem MS is performed (Dell, Reason et. al., 1994; Viseux, de 

Hoffmann et. al., 1997; Sheeley and Reinhold, 1998). Besides that, permethylation also 

stabilises glycans containing labile groups such as sialic acids by converting their carboxyl 

groups to methyl esters (Ariga, Kohriyama et. al., 1987; Zaia, 2008), thereby permitting the 

simultaneous analysis of neutral and acidic glycans. This procedure also allows for reversed 

phase chromatography to be used in front of the MS for removal of salts and separation of 

glycans. Permethylation, however, involves some complicated sample preparation and 

subsequent clean-up steps that could possibly lead to sample losses, especially for small 

amounts. Nevertheless, permethylated oligosaccharides have been extensively studied using 

MALDI-MS and ESI-MS and their fragmentation properties are well established (Costello, 

Contado-Miller et. al., 2007).  
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1.9.5.2 Fragmentation of Glycans in Negative Ion Mode 

 

The negative ion tandem MS spectra of glycans which typically gives rise to [M-H]1- or 

[M+X]1-, where X is an anion product (eg. Cl-, NO3), although less frequently investigated, 

has been observed to differ considerably from that of positive ion mode fragmentation 

(Wheeler and Harvey, 2000; Chai, Piskarev et. al., 2001; Chai, Piskarev et. al., 2002; Sagi, 

Peter-Katalinic et. al., 2002; Quemener, Desire et. al., 2003). Several studies on free neutral 

glycans derived from sources such as human milk (Pfenninger, Karas et. al., 2002) and urine 

(Chai, Piskarev et. al., 2001) as well as acidic glycans from oranges (Quemener, Desire et. al., 

2003) have shown that the fragment ion spectra comprises of prominent C-type ions and A-

type cross ring fragment ions, unlike the B- and Y-type glycosidic cleavages in positive ion 

mode spectra. These observations can be rationalized by the mechanism known as ‘proton 

abstraction’, in which hydrogen is removed from various hydroxyl groups, thus leaving an 

electron-dense centre that continuously feeds electrons into the sugar rings and results in 

subsequent cleavages (Harvey, 2005a; Harvey, 2005b). The specific fragmentation 

mechanisms accounting for some of these diagnostic ions are crucial to understanding how 

these glycans fragment in negative ion mode and are shown in Table 11. Specific features 

that were reported to be characteristic of N-glycans in negative ion mode fragmentation 

included the composition of glycan constituents on both the 3- and 6-antennae, presence of 

bisecting GlcNAc on the branching mannose and location of fucose residues on the 

reducing-end chitobiose core GlcNAc, as well as terminal fucose on the antennaes. Likewise, 

unique fragmentation ions have also been observed in negative ion mode of O-glycans, 

particularly the determination of various isomeric and isobaric structures pertaining to 

various blood group antigens (Everest-Dass, Abrahams et. al., 2013; Everest-Dass, Kolarich 

et. al., 2013).  
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Table 11: Structural feature ions in negative ionisation mode 

Compositional 
Features 

Cleavage ions  Fragmentation Location References 

Chitobiose Core 

2,4A type cleavage of GlcNAc residues as a result of 
proton abstraction from the 3-position of the 
reducing-terminal GlcNAc     
                                                                                      
Example: 2,4AR, 2,4AR-1 

 

 (Harvey, 2005c; Harvey, 
Royle et. al., 2008) 

Core Fucosylation 
Z and Y ions which correspond to the composition of 
reduced GlcNAc and fucose residue 

 

 (Harvey, 2005c; Harvey, 
Royle et. al., 2008) 

6-Antennae 

C/Z cleavage ion (also known as  D ion) formed as a 
result of the loss of chitobiose core GlcNAc residues 
(C ion) and 3-antennae substituents (Z ion)   
    
Example: D and D-18 (H2O) ions  

  
(Harvey, Royle et. al., 
2008; Everest-Dass, 
Kolarich et. al., 2013) 

3- or 6-Antennae 

A-type cross ring cleavage ion formed by the cleavage 
of Man residues  at the 3- and 6-antennae 
                    
Example: 1,3A ion 

 

(Harvey, 2005c) 

Sialylated Antennae 

 
D ion which correspond to the composition of the 
sialylated 6-antennae  
 
B ion which corresponds to the 3- or 6-antennae 
containing sialic acid 
 

  

 (Nakano, Saldanha et. al., 
2011; Everest-Dass, 
Abrahams et. al., 2013) 
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1.9.6 Chromatographic Interface for LC-MS of Glycans 

 

In view of the complex heterogeneity of N- and O-glycans, refined systems for the 

separation of oligosaccharide mixtures are deemed vital and necessary for the further 

elucidation of their structural features (Davies and Hounsell, 1996; Davies and Hounsell, 

1998). The importance of chromatographic separation of glycans prior to MS has thus been 

increasingly acknowledged as desirable in the field of analytical chemistry and has, over the 

last few years, resulted in the use of high performance liquid chromatography (HPLC) and 

capillary electrophoresis (CE) in glycan analysis. HPLC, in particular, has been noted to 

have a high resolving capability and can be coupled easily to various detectors such as MS or 

interface with other chromatographic methods. The chromatographic matrices currently 

used for the separation of glycans are shown in Table 12, highlighting their features with 

regard to chromatographic behaviour and suitability for coupling to MS. 

 

1.9.6.1 Specific Chromatographic Features of Porous Graphitised Carbon 

Chromatography  

 

The porous graphitised carbon (PGC) chromatographic matrix was first introduced in 1979 

(Knox and Gilbert, 1981; Gilbert, Knox et. al., 1982), in the form of porous glassy carbon, 

which was further improved to produce porous graphitised carbon (Knox and Kaur, 1986), 

displaying good stability and chromatographic performance. During the manufacturing 

process, silica-based material is impregnated with a homogenous mixture of phenol and 

hexamine and polymerised at 160 °C. Upon polymerisation, this polymer complex is 

pyrolysed under nitrogen at 1000 °C to produce highly porous amorphous carbon. 

Graphitisation is achieved through additional heat treatment at temperatures above 2000 °C 

using argon gas, resulting in a structurally rearranged crystalline surface without the 

presence of micropores (Figure 12). From a molecular perspective, the PGC surface 

architecture is two-dimensional, composed of flat sheets of hexagonally arranged carbon 

atoms connected through covalent linkages while the sheets are held together by Van der 

Waals interactions (Knox and Kaur, 1986). These unique features are thought to account for 

the increased rigidity and mechanical stability of PGC.  
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Today, PGC columns are commercially available from Thermo Fisher Scientific, under the 

trade name HypercarbTM and have been used in a diverse range of applications, mainly for 

the separation of closely related substances (Emery, 1989; Tanaka, Tanigawa et. al., 1991; 

Wan, Shaw et. al., 1995) and polar analytes (Tanaka, Tanigawa et. al., 1991; Takeuchi, 

Kojima et. al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

             Figure 12: Heat graphitisation of amorphous carbon. Revised from Knox, J. et. al. (1986) and   

                                 www.carbonandgraphite.org 

 

In the past decade, PGC-LC-MS has demonstrated high sensitivity and superior resolution 

of native, underivatised N- and O-glycans as compared to conventional reversed-phased 

chromatography (Melmer, Stangler et. al., 2011). This has led to the reliable separation of 

subtle differences in structures of the various glycoforms and it has, in fact, been regarded as 

a ‘glycomics’ method in particular (Backstrom, Thomsson et. al., 2009; Pabst, Wu et. al., 

2010). More recently, PGC has also been developed into microfluidic chip-based formats 

with an integrated on-chip PNGase F reactor which is commercially available from Agilent 

Technologies Inc. for the high throughput analysis of IgG glycans (Ninonuevo, Perkins et. 

al., 2008; Chu, Ninonuevo et. al., 2009; Ni, Bones et. al., 2013). One significant advantage of 

using underivatised glycans is that it avoids potential quantitative biases which could be due 

to incomplete chemical derivatisation, clean up or degradation (Palmisano, Larsen et. al., 

http://www.carbonandgraphite.org/
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2013). Nevertheless, it must also be mentioned that carbon columns, in general strongly 

adsorb a variety of substances which may lead to the unstable retention times and increasing 

column back pressure. These problems, however, can be prevented by improving sample 

preparation steps through the use of desalting columns (Packer, Lawson et. al., 1998) and 

occasional regeneration of the PGC column (Pabst and Altmann, 2008; Bereman, Williams 

et. al., 2009).  

Perhaps, one of the most remarkable features of PGC is the highly discriminative ability of 

PGC-LC towards isomeric and isobaric glycans structures with respect to the structure-

retention time. These correlations have been well established using reference glycans in 

several studies (Karlsson, Schulz et. al., 2004; Pabst, Bondili et. al., 2007; Pabst, Wu et. al., 

2010; Jensen, Karlsson et. al., 2012). For instance, PGC readily separates glycans with 

different sialic acid linkages (α2-3/α2-6), thus allowing the monitoring of relative 

quantitative as well as qualitative glycomic changes, as opposed to the used of stand-alone 

MS methods which require MS3 (Ito, Yamada et. al., 2007), derivatisation (Wheeler, Domann 

et. al., 2009; Alley and Novotny, 2010) or linkage-specific sialidases (Jensen, Karlsson et. al., 

2012) to determine such linkages. Larger sialoglycans with a high number of sialic acids 

residues have a greater retention on PGC as compared to smaller, less branched and less 

sialylated structures (Pabst, Bondili et. al., 2007). Likewise, PGC has also been favoured for 

the analysis of glycans containing modifications such as sulfation of various O-linked 

glycans (Everest-Dass, Jin et. al., 2012; Ozcan, An et. al., 2013) and glycosaminoglycans 

(Zaia, 2013). Owing to the above mentioned properties and advantages of the PGC 

chromatography, the structural analysis of glycans released from both glycoproteins and 

glycolipids in this thesis has been carried out entirely using PGC-LC-ESI-MS/MS and 

specific features corresponding to their unique separation capabilities will be highlighted in 

the subsequent result chapters. 
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Table 12:  Chromatographic Features of Liquid Chromatography Columns 

Type Properties  Advantages/Disadvantages References 

High-pH Anion-
exchange 

Chromatography with 
Pulse Amperometric 

Detection                            
(HPAEC-PAD) 

1) Strong basic eluents convert oligosaccharides into 
oxyanions which undergo interaction with the amino 
groups of the stationary phase column resin    
                                                             
2) Separation of these bound oligosaccharides depends on 
factors such as charge, sugar composition, linkage and 
molecular size  

Disadvantages:                                                                                                  
1) Requirement of high concentrations of the electrolyte                 
2) Useful for monosaccharide analysis 
 

  
(Gohlke and Blanchard, 2008) 
(Bruggink, Wuhrer et. al., 
2005; Guignard, Jouve et. al., 
2005) (Hardy and Townsend, 
1988) 

Reversed- phase 
Chromatography                   

(RPC) 

1) Sugars are separated on the basis of hydrophobicity 
using a C18 column.  As the size and polarity of the 
glycan increases, the degree to which it binds to the 
column decreases.                                                                   
                                                                                                                 
2) Pairing of acidic glycans with amine groups in the 
mobile phase  permits binding of glycans to the 
hydrophobic stationary phase, thus increasing their 
retention time 

Disadvantages:                                                                                              
1) Native glycans are too hydrophilic to adsorb to a 
reversed-phase matrix and are derivatised by reductive 
amination                                                                                                         
2) 3) Large acidic glycans typically elute earlier than 
neutral glycans and are poorly separated                                                    
Advantages:                                                                                                     
1) Useful for detection of glycosaminoglycans                     
2) Commonly used to separate fluorescently derivatised 
glycans 

 (Hase, Ikenaka et. al., 1978; 

Hase, 1996; Lamari, Kuhn et. 
al., 2003) (Chen and Flynn, 
2007) (Melmer, Stangler et. 
al., 2011). (Kuberan, Lech et. 
al., 2002; Thanawiroon, Rice 
et. al., 2004). (Kuberan, Lech 
et al. 2002, Thanawiroon, 
Rice et al. 2004). 

Hydrophilic 
Interaction 

Chromatography                       
(HILIC) 

1) Separates native glycans based on their hydrophilicity, 
depending on their properties such as polarity, size, 
charge and composition    
                                                                                                                     
2) Retention mechanism is based on the hydrophilic 
partitioning of glycans to the aqueous organic layer 
surrounding the various stationary phases 

Advantages:                                                                                                     
1) Neutral to acidic glycan classes can be separated without 
any recovery problems with high reproducibility of 
retention times                                                                                                                        
2) Useful for detection of labeled N-glycans, glycopeptides, 
glycosaminoglycans 

 (Alpert 1990, Hemstrom and 

Irgum 2006) (Palmisano, 
Larsen et. al., 2013) (Wuhrer, 
Koeleman et. al., 2004; Zaia, 
2010) (Hitchcock, Yates et. 
al., 2008) 

Porous Graphitised 
Carbon 

Chromatography                    
(PGCC) 

 
 1) Retention mechanism is based on Polar Retention 
Effect on Graphite (PREG)    
                                                                                                                 
2) Hydrophobic, polar and ionic interactions with the 
hexagonal graphite structures of PGC   

Disadvantages:                                                                                              
1) May have variable retention times due to fouling 
Advantages:                                                                                                   
1)  Robustness against extreme temperature conditions, 
aggressive mobile phases, thermal stability and tolerance to 
extreme pH                                                                                                            
2) Separates neutral and acidic N-glycans, O-glycans and 
glycosaminoglycans 

 (Packer, Lawson et. al., 1998; 

Kawasaki, Ohta et. al., 1999; 
Thomsson, Karlsson et. al., 
1999).(Knox and Ross, 1997) 
(Pereira, 2008; West, Elfakir 
et. al., 2010) (Fan, Kondo et. 
al., 1994; Ruhaak, Deelder et. 
al., 2009) 
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1.9.7 Bioinformatics Tools for Glycan Structure Determination 

 

Over the past few years, owing to the significant improvements in methods, a tremendous 

increase in analytical data on glycan structures has been generated and this has led to 

several funded initiatives which provide web-based bioinformatics resources (Apweiler, 

Hermjakob et. al., 1999; Marchal, Golfier et. al., 2003; Frank and Schloissnig, 2010). For 

instance, GlycoSuiteDB (http://www.glycosuite.com) is a relational database which contains 

most of the N- and O-glycan structures described in published scientific literature (Cooper, 

Joshi et. al., 2003). Currently, GlycoSuiteDB has been incorporated into the recently 

established open-access platform for glycoinformatics, known as UniCarbKB 

(http://unicarbkb.org) (Campbell, Peterson et. al., 2013). This new platform contains a 

growing, curated database of information on the glycan structures of glycoproteins that 

aims to increase further understanding of glycan structures, networks and pathways 

involved in glycosylation and glyco-mediated processes, through the integration of 

structural and experimental information. The GlycoMod online service, available at 

ExPASy website (http://web.expasy.org/glycomod), is also one of the most frequently used 

tools to deduce the potential glycan composition based on MS-derived mass and 

biosynthetic constraints (Cooper, Gasteiger et. al., 2001). De novo sequencing tools based on 

MSn fragmentation such as Glyco-Peakfinder (http://www.glyco-peakfinder.org) (Maass, 

Ranzinger et. al., 2007) and the more recently developed GlycoWorkBench tool 

(http://eurocarbdb.org/applications/ms-tools) (Ceroni, Maass et. al., 2008), which comprise 

of computer-assisted annotation of MS/MS fragments that was developed as part of the 

EUROCarbDB project (http://eurocarbdb.org). The above-mentioned tools have been used 

to assist in the identification of the structures of glycans derived from glycoproteins 

analysed in this thesis. 

 

 

 

 

 

 

 

http://www.glycosuite.com/
http://unicarbkb.org/
http://www.glyco-peakfinder.org/
http://eurocarbdb.org/applications/ms-tools
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1.9.8 Non-Mass Spectrometric Methods of Glycan Detection 

 

Various affinity-based detection methods using reagents such as glycan-binding lectins or 

glycan-binding antibodies have been developed to measure levels of specific glycans in a 

mixture (Cummings and Esko, 2009). These methods, although frequently used for the 

detection of glycans, do not provide a comprehensive structural elucidation of glycans, as 

compared to mass spectrometry or specific enzymatic methods. Nevertheless, these tools 

have been a valuable complement in proving information about terminal glycan epitopes 

observed as a result of biological variation and thus have facilitated the discrimination of 

several cancer-associated glycan antigens. While these methods have not been utilised in 

this thesis, they bear significant relevance to the identification of specific glycan motifs 

previously elucidated in ovarian cancer cell lines, serum and tissues and are briefly described 

as follows: 

a) Lectin-based Identification of Glycans (for glycoproteins) 

Lectins are composed of a group of non-enzymatic proteins which can recognise and bind to 

carbohydrates (mono- and oligosaccharides) (Boyd and Shapleigh, 1954; Goldstein, Hughes 

et. al., 1980). Most of the lectins used as tools in glycobiology are derived from plants and 

have become commercially available as listed in Table 13. While most specificity studies 

have demonstrated that plant lectins exhibit a higher binding affinity for complex 

glycans/oligosaccharides than monosaccharides, the interactions between lectin-glycans are 

complex and not fully understood (Cummings and Etzler, 2009). Many lectins can recognise 

the non-reducing terminal monosaccharides on glycans, while others also recognise the 

internal sugars. Furthermore most lectins do not have absolute glycan specificities and can 

therefore bind to similar glycan structures with varying affinities (Narimatsu, Sawaki et. al., 

2010; Van Damme, 2011). Nevertheless, the use of lectin-based detection tools in 

glycosylation studies has been instrumental in the rapid glycosylation profiling of proteins, 

particularly in identifying the differential expression of N-glycan structures in various 

samples (Plavina, Wakshull et. al., 2007; Van Damme, 2011). In addition, lectin affinity 

chromatographic enrichment is a routinely used methodology to concentrate or enrich for 

glycoproteins or peptides displaying specific glycan structures (Cummings and Kornfeld, 

1982; Madera, Mechref et. al., 2007). This technique, however, is more focused on N-linked 

protein glycosylation as existing limitations in the purification methods for O- linked 

glycoproteins do not enable sufficient lectin enrichment of the O-linked glycoproteins (Kim 

and Misek, 2011). 
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Table 13: Lectins commonly used for the enrichment of glycoproteins 

Lectin Name Abbreviation Oligosaccharide Specificity 

Concanavalin A Con A N-linked high mannose or hybrid 

Phaseolus vulgarisleucoaglutinin PHA-L N-linked tri and tetra-antennary 

Maackia amuerensis agglutinin MAA Gal(β1-4)GlcNAc 

Vicia villosa agglutinin VAA α- or β-linked GalNAc 

Sambucus nigra lectin SNA Neu5Acα2-6Gal(β1-4)GlcNAc 

Maackia amuerensis lectin  MAL Neu5Acα2-3Gal(β1-4)GlcNAc 

Dolichos biflorusagglutinin DBA β1-4GlcNAc oligomers 

Phaseolus vulgarislerythroaglutinin PHA-E Bisecting GlcNAc 

Lotus tetragonolobuslectin LTL Fuc(α1-3)GlcNAc 

Arachis hypogea-agglutinin (peanut) PNA Gal(β1-3)GalNAc 

Wheat germ agglutinin WGA Chitin oligomers, sialic acid 
Aleuria aurantia lectin AAL 

Fuc(α1-6)GlcNAc (Core fucose),                                     

Fuc (α1-3)Gal(β1-4)GlcNAc (Lewis antigen) 

 

b) Glycan-based Immunohistochemistry (for glycoproteins and glycolipids) 

The fundamental basis of immunohistochemistry spans three main scientific disciplines; 

histology, immunology and chemistry, in which antigens within a tissue section can be 

detected by specific antibodies (Ramos-Vara, 2005). Immunogenic carbohydrate antigens are 

usually in the form of complex glycans bound to glycoconjugates such as glycoproteins and 

glycolipids expressed on the cell surface (Lloyd and Old, 1989). In several types of cancer 

including ovarian cancer, some of these carbohydrate antigens appear to be up-regulated and 

monoclonal antibodies have been raised against glycan motifs such as the Tn antigen 

(Kanitakis, al-Rifai et. al., 1998), sialyl-Tn antigen (Kjeldsen, Clausen et. al., 1988), Thomsen-

Friedenreich antigen (T antigen) (Ghazizadeh, Oguro et. al., 1990; Cao, Stosiek et. al., 1996) 

and blood group antigens (Hanisch, Hanski et. al., 1992) present on glycolipids and 

glycoproteins. These antigens have been shown to discriminate between malignant and non-

malignant tissues as well between different histotypes (Yuan, Itzkowitz et. al., 1986; Inoue, 

Ogawa et. al., 1990; Remmers, Anderson et. al., 2013). Similar to lectins, these antibodies 

recognise terminal glycan motifs, although additional sub-terminal motifs or sequences may 

be required for binding. Most of these monoclonal antibodies are murine-derived and 

comprise of primarily the IgM type, as compared to IgG type (Vollmers and Brandlein, 

2006). While some antibodies can be obtained directly from individual laboratories, a variety 

of monoclonal antibodies is commercially available, but relatively more expensive than 

lectins. 
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c) Printed Glycan Array (PGA) 

Glycan arrays are typically an extension of the ELISA assay and modern DNA protein 

microarray technologies (Culf, Cuperlovic-Culf et. al., 2006). In recent years, a number of 

glycan-based array platforms have been developed based on the covalent or non-covalent 

immobilisation of glycans through natural or synthetic linkers to surfaces such as glass 

(Pochechueva, Jacob et. al., 2011), silica (Chang, Han et. al., 2010) or gold (Zhi, Laurent et. al., 

2008). In most cases, these synthetic glycans are modified to contain reactive primary 

amines at their reducing terminal end and printed arrays are overlaid with a buffer 

containing glycan binding proteins (GBP) to allow for simultaneous screening against 

multiple glycans. Glycan arrays, however, vary in terms of their specific glycan presentation, 

glycan source (natural or chemically synthesised), detection methods, assay conditions, 

microspheres (suspension arrays) and immobilisation methods (printed glycans on slides or 

ELISA); all of which contribute significantly to affinity and binding specificities (Lewallen, 

Siler et. al., 2009; Oyelaran, Li et. al., 2009). For instance, variability in binding results could 

lead to difficulties in data interpretation due to the potential identification of false-negative 

binding associated with altered glycan presentation which is largely associated with choice 

of linkers (Lewallen, Siler et. al., 2009; Padler-Karavani, Song et. al., 2012). Specifically, the 

degree to which linker chemistry affects the presentation of glycans has been shown to 

depend on both the length of the linker (short vs. long) and the orientation of the specific 

linker relative to the array surface (Grant, Smith et. al., 2014). In addition, there are also 

inherent limitations regarding the structural diversity and size of carbohydrates presented 

on a glycan array which can also contribute significantly to the information acquired from a 

single experiment (Oyelaran and Gildersleeve, 2009). 
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1.10 Overview of Section IV: Highlights and Challenges in Glycan Structural 

Identification 

 

 Mass spectrometry is an analytical technique that provides both relative quantitation 

and qualitative information on any molecule upon their conversion to ions. 

 MALDI and ESI are the most popular ionisation sources commonly used in mass 

spectrometry of glycans. 

 Two major types of fragmentation commonly observed for glycans are cleavages 

arising from the rupturing of glycosidic bonds between sugar residues and within the 

sugar ring (internal cross ring). 

 Fragmentation patterns in positive and negative mode are different, giving rise to 

specific fragments which can be utilised to determine glycan structures. 

 The utility of MSn fragmentation in combination with the development of reference 

glycan structural databases is essential for the structural characterisation of glycans. 

 Porous graphitised carbon is highly discriminative towards isomeric and isobaric 

glycans structures with respect to structure-retention time. 

 Non-mass spectrometric glycan detection methods have been useful in determining 

terminal epitopes although they do not provide complete structural information of a 

particular glycan. 
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1.11 Aims of Research Project 

 

The identification of key glycosylation changes in serous pelvic cancers of the ovary, 

fallopian tube and peritoneum offers a new approach to the understanding of this 

malignancy, in terms of its development and progression. With recent evidence implicating 

the fallopian tube as a potential source of high grade serous cancers, the research effort of 

this project parallels the present clinical perspectives and challenges aimed at distinguishing 

serous ovarian cancer from non-ovarian cancers derived from the fallopian tube and 

peritoneum. Specifically, the thorough investigation of the detailed structures of membrane 

glycosylation (both glycoproteins and glycolipids) using mass spectrometry is warranted, as 

a majority of serous cancers are thought to arise from epithelial cell neoplastic 

transformation.  

In this research project, the comparison of cell line-derived glycosylation changes in 

commercially available cell lines was validated in clinically-derived serous cancer tissue 

samples and the degree to which these membrane protein glycans are statistically 

discriminative of the different epithelial serous cancer origins was investigated. 

Specific Aims of the Research Project: 

1) Compare the N- and O-glycosylation profiles and detailed structural glycan 

determinants of membrane proteins of non-cancerous and ovarian cancer cell lines. 

This investigation entails the identification of relevant glycosyltransferase genes and 

their epigenetic regulation in order to correlate the expression of observed 

membrane glycan structures with corresponding changes at the molecular DNA 

level (Chapter 2). 

 

2) Compare the N- and O-glycosylation profiles and detailed structural glycan 

determinants of membrane proteins of serous cancer tissues derived from the ovary, 

fallopian tube and peritoneum and determine statistically significant specific 

glycosylation features distinguishing the three types, if possible  (Chapter 3). 

 

3) Optimise a detergent-free, enzymatic PVDF-based glycan release protocol for the 

elucidation of glycosphingolipid-derived glycan structures of selected serous cancer 

tissues and ovarian cancer cell lines and relate these changes to structures implicated 

by reported auto-antibody glycan recognition from array experiments (Chapter 4). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                        

 

 

 

 

 

 

CHAPTER II 
 

Rationale 

To date, the membrane protein glycosylation profiles of epithelial ovarian 

cancer cells have never been simultaneously characterised, both in regard to 

their specific N- and O-glycan structures and in comparison with glycans 

derived from non-cancerous ovarian surface epithelial cells. The identification 

of these glycans, provides an insight into the aberrant glycosylation changes 

that are associated with ovarian cancer and potentially implicated in various 

processes in cancer such as metastasis, cell adhesion and cell proliferation. 

Therefore, a preliminary cell-line based glycosylation model comprising of 

non-cancerous (HOSE 6.3 and HOSE 17.1) and four cancerous epithelial 

ovarian cell lines (SKOV3, IGROV1, A2780 and OVCAR3) commonly used in 

ovarian cancer research were investigated using PGC-LC-ESI-MS/MS to 

identify specific membrane protein glycosylation changes in ovarian cancer. 

The corresponding glycosyltransferase gene expression, together with the 

associated epigenetic regulation at DNA level, which led to the synthesis of 

specific glycan features identified in the non-cancer and cancerous cell lines 

were also investigated. 
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2.0 Publication II: Specific glycosylation of membrane proteins in epithelial ovarian 

cancer cell lines: glycan structures reflect gene expression and DNA methylation 

status 

 



86 |Chapter II 

 

 

 

 

 



87 |Chapter II 

 

 

 

 

 



88 |Chapter II 

 

 

 

 

 



89 |Chapter II 

 

 

 

 

  



90 |Chapter II 

 

 

 

 

  



91 |Chapter II 

 

 
  



92 |Chapter II 

 

 
  



93 |Chapter II 

 

 
 

  



94 |Chapter II 

 

  



95 |Chapter II 

 

 

 

  



96 |Chapter II 

 

  



97 |Chapter II 

 

 
  



98 |Chapter II 

 

 
  



99 |Chapter II 

 

 
  



100 |Chapter II 

 

 
  



101 |Chapter II 

 

 
  



102 |Chapter II 

 

 
  



103 |Chapter II 

 

 
  



104 |Chapter II 

 

 
  



105 |Chapter II 

 

2.1 Supplementary Data 
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2.2 Overview of Chapter II 

 

 Non-cancerous ovarian epithelial cells (HOSE 6.3 and HOSE 17.1) and cancerous 

ovarian cells (SKOV3, IGROV1, OVCAR3, A2780) exhibit differences in their 

cellular membrane protein glycosylation profiles 

 Cancerous ovarian cells display a significant increase in high mannose-type and a 

decrease in complex-type N-glycans as compared to non-cancerous cells 

 In terms of their sialylation patterns, α2-6 sialylated N-glycans are significantly 

increased for both hybrid and complex-type N-glycans in all four ovarian cancer cell 

lines 

 Ovarian cancer cell lines also exhibit unique glycan motifs such as bisecting GlcNAc- 

type N-glycans and LadiNAc-type N-glycans which are not observed in non-

cancerous cells. 

 Uisng MS/MS mass spectrometry and LC retention time, the structural features of 

these glycans can be elucidated using diagnostic fragment ions that represent specific 

cross ring and glycosidic cleavages and provide information on their specific linkage 

and branching patterns. 

 The specific glycosylation features that are present on the cell surface of these cells 

are regulated by the expression of various glycosyltransferase genes. For instance, in 

ovarian cancer cells, the expression of α2-6 sialylation, bisecting GlcNAc and 

LacdiNAc-type glycans correlate with their cellular expression of ST6GAL1, 

MGAT3 and B4GALNT3 genes, respectively. 

 The presence of bisecting GlcNAc N-glycans on ovarian cancer cells is thought to be 

epigenetically regulated through DNA hypomethylation of MGAT3 gene. 

 



 

 

 

 

CHAPTER III 
 

Rationale  

Serous cancers derived from the ovary, peritoneum and tube represent a 

group of cancers that are collectively treated and managed similarly, despite 

their distinct anatomical origins. In this study, the membrane protein N- and 

O-glycosylation of serous cancer tissues derived from ovarian, peritoneum and 

tubal origin were investigated to a) validate the presence of ovarian cancer-

associated structural glycans previously identified in cancerous cell lines and 

b) identify common and discriminatory glycan structural features between the 

three serous cancer origins. Relative quantitative glycan profiling, together 

with the characterisation of isomeric and isobaric structural glycans were 

employed in this study. The differential expression of N- and O-glycans was 

evaluated by rigorous statistical methods to identify diagnostic and 

discriminatory serous cancer tissue-derived markers. 
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3.0 Introduction 

 

Epithelial ovarian cancer (EOC) represents a heterogeneous disease which is classified into 

the serous, endometrioid, clear-cell, mucinous and undifferentiated subtypes based on their 

histopathologic features (Scully, 1998; Kurman and Shih Ie, 2010). EOC has the highest 

mortality rate within all gynaecological malignancies, where more than 75 % of tumours are 

presented at advanced International Federation of Gynaecology and Obstetrics (FIGO) 

stages (Coleman, Forman et. al., 2011) and characterised by a 5-year survival rate of only   

43 % (Siegel, DeSantis et. al., 2012). This disease is notoriously known as a ‘silent killer’ due 

to its asymptomatic prevalence and it is estimated that newly diagnosed cases and death 

rates are expected to rise on a global level each year (Jemal, Siegel et. al., 2009). In Australia 

alone, 1470 women are expected to be diagnosed with ovarian cancer in 2014 and the 

number of cases are predicted to rise to 1640 by 2020 (AIHW, 2012). Despite current 

treatment options for advanced EOC which involves maximal cytoreductive surgery and 

platinum-based chemotherapy (Kessler, Fotopoulou et. al., 2013), less than a 10 % 

improvement has been achieved  for  5-year survival rates over the past 35 years (Jemal, 

Siegel et. al., 2008).  This poor prognosis is largely due to several factors: (i) the lack of 

reliable diagnostic markers and screening tests for the early detection of ovarian cancer 

(Suh, Park et. al., 2010; Erickson, Conner et. al., 2013), (ii) rapid metastasis of the disease 

which extends beyond the ovaries at the initial time of diagnosis (Bhoola and Hoskins, 

2006), (iii) frequent development of drug resistance which further contributes to the lack of 

effective treatments for ovarian cancer (Agarwal and Kaye, 2003) and (iv) a poor 

understanding of the aetiology and origin of the precursor lesion which fails to account for 

the diverse clinical and pathological behaviours of the tumours (Nik, Vang et. al., 2014).  

For decades, EOC was traditionally thought to have originated from the ovarian surface 

epithelium (OSE) and various studies have primarily been focused on the ovary (Fathalla, 

1971; Dubeau, 1999; Li, Fadare et. al., 2012). Interestingly, the most prevalent type of EOC, 

which is of the serous histotype, represents 60-80 % of EOC and is rarely confined to the 

ovaries, even at tumour initiation (Selvaggi, 2000; Seidman, Horkayne-Szakaly et. al., 2004; 

Li, Fadare et. al., 2012). Mounting evidence has implicated that serous ovarian tumours 

together with non-ovarian serous cancers such as tumours of the fallopian tube and 

peritoneum, are characterised by P53 mutations and can be regarded as fast-growing, high 

grade serous carcinomas (HGSC), often with a widespread dissemination within the pelvic 

region (Seidman, Zhao et. al., 2011; Kessler, Fotopoulou et. al., 2013). From a diagnostic 

perspective, these serous tumours are often designated broadly as pelvic serous carcinomas 
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especially when the primary site of origin cannot be precisely determined (Nik, Vang et. al., 

2014). In most cases, a majority of the tumour mass is located on the ovaries and is thus 

collectively treated and managed in a similar manner, regardless of tumour origin 

(Kindelberger, Lee et. al., 2007; Landen, Birrer et. al., 2008). Although recent findings have 

suggested the involvement of the serous fallopian tube epithelium as a precursor lesion for a 

majority of high grade serous ovarian cancers (Piek, van Diest et. al., 2001; Piek, Verheijen 

et. al., 2003; Li, Fadare et. al., 2012; Erickson, Conner et. al., 2013), studies investigating the 

underlying differences within these serous cancer subtypes which are reflective of the 

individual cellular phenotypes and molecular origin have been rather limited (Lacy, 

Hartmann et. al., 1995; Pere, Tapper et. al., 1998; Chen, Yamada et. al., 2003). Specifically, the 

degree to which these serous tumours differ, despite their similarity in terms of 

pathogenesis, clinical behaviour and chemotherapy response remains relatively unknown. 

It has been widely accepted that protein glycosylation is an important post-translational 

modification which has relevance in many biological processes such as cell signalling, 

immune responses, extracellular interaction and cell adhesion (Varki, 1993; Ohtsubo and 

Marth, 2006). In the tumour microenvironment, aberrant protein glycosylation such as the 

expression of truncated glycans as well as neo-expression of glycans that are usually 

restricted to embryonic tissues have been well described in various cancers (Hakomori, 2002; 

Dube and Bertozzi, 2005; Reis, Osorio et. al., 2010).  These structures may resemble 

glycomic ‘fingerprints’ which facilitate the discrimination between healthy and cancerous 

cells or potentially reflect tumour micro-heterogeneity caused by the variation between 

cancer subtypes (Abbott, Lim et. al., 2010; West, Segu et. al., 2010). One of the most common 

glycosylation changes in cancer is the increase in size and branching of N-glycans, in which 

large tetra-antennary structures are formed by the specific enzyme, N-

acetylglucosaminyltransferase V (GnT-V) (Dennis, Laferte et. al., 1987; Seelentag, Li et. al., 

1998; Lau and Dennis, 2008). The presence of increased branching antennas creates 

available sites for the addition of sialic acids (Neu5Ac) by sialyltransferases, which in turn, 

often lead to increased sialylation in cancer (Kim and Varki, 1997; Wang, Lee et. al., 2005; 

Saldova, Royle et. al., 2007; Bull, Boltje et. al., 2013). Likewise, terminal modifications on 

glycan structures such as fucosylation on the cancer cell surface can also give rise to the 

presence of Lewis and sialyl Lewis antigens [sialyl Lea; Neu5Acα2-3Galβ1-3(Fucα1-

4)GlcNAcβ and sialyl Lex; Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ] which have been shown 

to correlate with tumour progression and metastasis (Narita, Funahashi et. al., 1993; 

McEver, 1997; Nakagoe, Fukushima et. al., 2000; Miyoshi, Moriwaki et. al., 2008; Shiozaki, 

Yamaguchi et. al., 2011). It is evident that aberrant glycosylation is indeed a key event in 
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malignant transformation and therefore affords an excellent opportunity for the 

identification of cancer-specific markers (Drake, Cho et. al., 2010). 

As the field of glycomics continues to gain recognition in this post-genomics era, mass 

spectrometry (MS)-based methodologies are now becoming indispensable and routinely used 

for the reliable profiling of numerous glycans from various samples (Chu, Ninonuevo et. al., 

2009; Harvey, 2009; Alley, Vasseur et. al., 2012). In fact, MS identification and measurement 

of glycans are being pursued as a structurally-informative approach as opposed to the 

clinically-established immunological assays (Scholler, Crawford et. al., 2006; Shirotani, 

Futakawa et. al., 2011; Wu, Zhu et. al., 2014) or arrays (Yue, Goldstein et. al., 2009) 

commonly used in biomarker discovery (Alley, Vasseur et. al., 2012). This strategy, also 

known as glycomic profiling, has been recently employed in several studies to identify N-

and O-glycan changes that were statistically elevated in ovarian cancer patients’ plasma 

(Saldova, Royle et. al., 2007; Alley, Vasseur et. al., 2012; Biskup, Braicu et. al., 2013; Kim, 

Park et. al., 2014). One study, for instance, noted a significant increase in branching and 

sialylation patterns as well as increased expression of α2-6 sialylation in ovarian cancer 

plasma as compared to healthy controls (Saldova, Royle et. al., 2007). In addition, a recent 

study on the glycosylation of serum CA125, a membrane-associated glycoprotein clinically 

used for the diagnosis of ovarian cancer, also revealed that ovarian cancer patient sera 

displayed increased core-fucosylated bi-antennary monosialylated N-glycans and Core 1 and 

Core 2 O-glycans, as compared to healthy controls (Saldova, Struwe et. al., 2013). While 

most of these studies yielded clinically relevant information on the differential expression of 

glycans found in patients’ plasma, the major focus of their analysis was on differentiating 

between healthy and diseased patients. To date, there has been no single MS-based glycan 

profiling study carried out to compare N- and O- glycan structures on proteins from pelvic 

serous carcinomas which potentially have different sites of origin, and most likely represent 

distinct diseases, despite being classified as HGSC. In addition, since the glycomic changes 

observed in serum represent only a small fraction of the actual glycosylation directly 

associated with the tumour, there is also a crucial need to identify the precise glycan 

structural changes that occur at a cellular level (Anderson and Anderson, 2002; Alley, 

Vasseur et. al., 2012). These less abundant glycan differences due to the presence of a tumour 

remain elusive since abundant levels of glycoproteins synthesised and secreted by the liver 

are present in the serum (Arnold, Saldova et. al., 2008), thereby masking the detection of 

sensitive and specific biomarkers with clinical potential. 
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To address this challenge, we have employed the glycomic profiling strategy to identify N- 

and O- glycan changes on membrane glycoproteins extracted from serous cancer tissues 

clinically diagnosed as serous ovarian, peritoneal and tubal cancer, respectively. Specifically, 

we aim to (i) identify structural glycan features that are characteristic of all serous cancer 

specimens, (ii) identify a panel of tissue-specific glycan markers to discriminate between the 

three serous cancer origins, and (iii) perform a rigorous statistical evaluation of the 

diagnostic potential of these glycan structures. It is envisioned that the identification of 

serous-subtype specific glycan structures may improve diagnosis and further lead to novel 

therapeutic strategies to improve survival rates for this malignancy. 
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3.1 Materials and Methods 

 

Serous cancer tissue specimens 

The clinical tissue specimens were obtained surgically from patients diagnosed with high 

grade, advanced stage serous ovarian, peritoneal or tubal cancer. The bio-bank 

establishment of tissue specimens was carried out in separate stages through our 

collaborative initiatives with Dr. Viola Heinzelmann-Schwarz at hospitals and 

gynaecological centres in Switzerland and Australia. The first patient cohort (n=14) tissue 

specimens were obtained from various gynaecological cancer centres in Switzerland and 

established at the University Hospital Zurich from 2006-2010. The second patient cohort 

(n=18) was established in the Lowy Cancer Research Centre, Prince of Wales Clinical 

School, University of New South Wales (UNSW) since 2009 and the samples were obtained 

from the John Hunter Hospital, Newcastle and the Royal Hospital for Women in Sydney. 

All patient specimens were processed identically in both cohorts. Formalin-fixed and 

paraffin-embedded tissue-blocks were evaluated by a specially trained gynaecological 

pathologist. Tissue collection was carried out with patient’s consent using standardised 

clinical and ethical protocols approved through independent, board-approved institutions 

during the entire collection period (SPUK Canton of Zurich, Switzerland, Hunter Area 

Research Ethics- Ref: 04/04/07/3.04, South Eastern Sydney Illawarra HREC/AURED- 

Ref: 08/09/17/3.02 and Macquarie University-Ref: 26/09/11/ 5201100778). Clinico-

pathological data for these tissue samples are listed in Table 1.  
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Table 1. Source and clinico-pathological information of serous cancer specimens. The cancer 

specimens derived from the ovary, peritoneum and fallopian tube obtained from tissue 

cohorts in Sydney (n=18) and in Switzerland (n=14), were selected based on their serous 

histotype. All patient specimens were processed identically from both cohorts and evaluated 

based on tumour stage and grade by a specially trained gynaecological pathologist. Serous 

cancer specimens have been assigned respective discriminants (diagnosis and source) for the 

purpose of statistical analyses. Blood group information and hereditary gene mutations 

(BRCA1/2) are indicated (where available). 
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Ovarian cancer tissue processing 

Fresh tissue specimens obtained during surgery were kept in RNAlater® solution at -80 oC 

until use. RNAlater® solution (Ambion) was removed as previously described with a few 

minor modifications (Rader, Malone et. al., 2008). Briefly, intact tissue specimens (~ 40 mg) 

were removed from RNAlater® solution using sterile forceps, transferred to a Ultracell MC 

0.45µ filter unit and placed into a 1.5 ml Eppendorf collection tube. A volume of 500 µl of 

ice-cold acetonitrile: water (80:20) was added to the tissue sample, resulting in the formation 

of RNA ice crystals in the tissue. The RNAlater® ice crystals were precipitated by 

centrifugation at 1500 x g for 20 mins at RT and the biphasic liquid in the collection tube 

was discarded. Removal of the RNAlater® with acetonitrile:water was repeated several 

times until the formation of RNAlater® ice crystals stopped and no visible biphasic layer 

was observed in the collection tube. Tissues were washed twice in 10 ml of phosphate 

buffered saline and cut into small (1 mm x 1 mm) pieces prior to tissue homogenisation. 

 

Membrane protein extraction from tissue 

Membrane protein extraction was carried out as previously described (Lee, Kolarich et. al., 

2009). Tissues (~40 mg) were re-suspended in 2 ml of lysis buffer (50 mM Tris-HCl, 100 

mM NaCl, 1 mM EDTA and protease inhibitor at pH 7.4) and stored on ice for 20 mins. The 

tissues were lysed using a Polytron homogeniser (Omni TH, Omni International Inc, VA) 

for 20 mins. Unlysed cells and cellular debris were removed by centrifugation at 2,000 x g 

for 20 mins at 4 oC. Tissue homogenates were collected and diluted with 2 ml of Tris buffer 

(20 mM Tris-HCl, 100 mM NaCl at pH 7.4) and membranes were sedimented by 

ultracentrifugation at 120 000 x g for 80 mins at 4 oC. After discarding the supernatant, 140 

μl of Tris binding buffer was added into each sample to re-suspend the membrane pellet. A 

volume of 450 μl of Tris binding buffer containing 1 % (v/v) Triton X-114 was then added 

to the mixture and chilled on ice for 10 mins. Samples were heated at 37 oC for 20 mins and 

further subjected to centrifugation at 1000 x g for 3 mins. The upper aqueous layer was 

carefully removed and stored at -20 oC. The detergent-soluble membrane proteins were 

precipitated from the lower layer with 1 ml of ice-cold acetone and left overnight at -20 oC. 

Precipitated membrane proteins were pelleted by centrifugation at 1000 x g for 3 mins and 

solubilised in 10 μl of 8 M urea. 
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Enzymatic release and purification of N-glycans from tissue membrane proteins 

N-glycans were prepared as previously described (Kolarich, Jensen et. al., 2012). Briefly, ~30 

μg of membrane proteins and a glycoprotein standard (10 μg of fetuin) were spotted (2.5 μl x 

4 times) onto a polyvinylidene diflouride (PVDF) membrane and dried overnight at room 

temperature. The stained membrane-bound protein spots were cut and placed in separate 

wells of a 96-well microtiter plate, to which 100 μl of blocking buffer was added. The wells 

were washed with MilliQ water after removing the blocking buffer and PNGase F enzyme (2 

μl of 1 U/μl PNGase F and 8 μl of MilliQ water) was added to each well. A volume of 10 μl 

MilliQ water was added and the microtiter plate was sealed with parafilm prior to an 

overnight incubation at 37 oC. After sonication of the plate for 10 mins, approximately 20 μl 

of released N-glycans were collected and transferred to a new Eppendorf tube, together with 

combined washings (50 μl of MilliQ water, twice) from each sample well. To regenerate the 

reducing terminus of the released N-glycans, 20 μl of 100 mM ammonium acetate (pH 5.0) 

was added to each sample (~120 μl) and kept at room temperature for 1 h. After evaporation 

of the samples, the released N-glycans were reduced to alditols with 10 μl of 2 M NaBH4 in 

50 mM KOH and 10 μl of 50 mM KOH at 50 oC for 2 h and the reduction was quenched 

using 2 μl of glacial acetic acid. For purification of N-glycan alditols, 45 μl of cation 

exchange resin beads (AG50W-X8) were deposited into reversed phase μ-C18 ZipTips 

(Perfect Pure, Millipore) placed in individual microfuge tubes. Approximately 20 μl of N-

glycan alditols were applied to the column, eluted with MilliQ water (50 μl, twice) and dried. 

Residual borate was removed by drying the samples under vacuum after the addition of 

methanol (100 μl, thrice). The purified N-glycan alditols were re-suspended in 15 μl of 

MilliQ water prior to mass spectrometry analysis. 

 
Chemical release of O-glycans 
  

The remaining PVDF spots in the 96- well microtiter plate were then re-wet with 2.5 μl 

methanol and further subjected to reductive β-elimination of the O-linked oligosaccharides 

by treating the spots with 2.0 μl of 0.5 M sodium borohydride in 50 mM potassium 

hydroxide. The plate was then sealed with parafilm and incubated for 16 h at 50 0C. The 

reaction was quenched using 2 μl of glacial acetic acid and desalted by cation exchange 

chromatography as previously described for N-glycans. 
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LC-ESI-MS/MS and data interpretation of released N- and O-glycan alditols 

The separation of N- and O-glycans was performed on a Hypercarb porous graphitised 

carbon capillary column (5 μm Hypercarb KAPPA, 180 μm x 100 mm, Thermo Hypersil, 

Runcorn, UK) over a linear gradient of 0-45 % (v/v) acetonitrile/10 mM ammonium 

bicarbonate for 85 mins for N-glycans and 0-90% (v/v) acetonitrile/10 mM ammonium 

bicarbonate for 45 mins for O-glycans. The sample injection volume was 7 μl and 4 μl for N- 

and O-glycans respectively, and the flow rate was set at 2 μl/ min using an Agilent HPLC 

(Agilent 1100). The MS instrument used in this study consisted of an ion-trap mass 

spectrometer (LC/MSD Trap XCT Plus Series 1100, Agilent Technologies, USA) 

connected to an ESI source (Agilent 6330, USA). The temperature of the transfer capillary 

was maintained at 300 oC and the capillary voltage was set at 3 kV. N- and O-glycans were 

detected in negative ionisation mode as [M-H]1- and [M-2H]2- ions within the mass range 

of m/z 600-m/z 2200. MS data was analysed using Compass Data Analysis Version 4.0 

software (Bruker Daltonics, USA).  

Monoisotopic masses detected in negative mode were assigned to possible monosaccharide 

compositions using the GlycoMod tool (Cooper, Gasteiger et. al., 2001) available on the 

ExPASy server (http://au.expasy.org/tools/glycomod) using a mass tolerance of ±0.5 Da. 

Glycan structures were proposed based on manual annotation of tandem MS fragmentation 

spectra and were further characterised with the aid of software-generated mass fragments 

using GlycoWorkBench (Ceroni, Maass et. al., 2008). The N-glycan structures of cancer 

tissues diagnosed as serous ovarian, peritoneal and tubal cancers (Discriminant 1) were 

classified into four major categories [high mannose/oligomannose, hybrid, complex (neutral 

and sialylated) and core fucosylated] based on the proposed nomenclature (Stanley, 

Schachter et. al., 2009). The MS ion intensity of each N- and O-glycan was relatively 

quantified based on the peak areas of their extracted ion chromatogram (EIC) and expressed 

as a percentage of summed ion intensities for total glycans within each sample. 
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Data processing and statistical analyses 

Following normalisation to 100 %, the relative ion intensities were used to generate 

glycomic profiles for individual serous cancers and subsequent statistical analyses were 

carried out based on a) serous cancers diagnosed as ‘ovarian’, ‘peritoneal’ and ‘tubal’ 

(Discriminant 1) and b) serous cancers derived from the ovary, peritoneum/omentum and 

fallopian tube (Discriminant 2). In Discriminant 1, glycomic profiles were analysed based 

on the diagnosis of these serous cancers, irrespective of their location from which the 

tumour has been surgically-derived. For instance, a cancer tissue sample may have been 

derived from the ovary of a patient diagnosed with serous ‘tubal’ cancer. In Discriminant 2, 

glycomic profiles were analysed based on the location from which the tumour has been 

surgically removed from, ie.  ovary  (left and right ovary), peritoneum (omentum) or tube. 

As an initial statistical assessment for Discriminant 1 and 2, one-way analysis of variance 

(ANOVA) using SPSS (version 19.0) was carried out to assess statistical significance (p < 

0.05) between the overall N- and O-glycan expressions for each glycan category. An 

additional post-hoc analysis, known as the Bonferroni correction (two-tailed) was applied to 

compare between the three serous cancer groups. Two analyses, namely the Principal 

Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLSDA) were 

carried out to assess the discriminatory potential of individual N- and O-glycans, 

respectively. Specifically, Principal Component Analysis (PCA) was employed to visualize 

clustering based on Discriminant 1 and 2, while the Partial Least Squares Discriminant 

Analysis (PLSDA) was used to predict the accuracy of the classification of serous cancers 

based on Discriminant 1. For the Receiver-Operating Characteristics (ROC) analysis, the 

biomarker potential of diagnostic N- and O-glycans was assigned to specific rankings based 

on the resulting area-under-the-curve (AUC) values, ranging between 0-1. Statistical 

evaluations for ROC (‘ROCR’ package), PLSDA (‘caret’ package) and PCA (‘stats’ package) 

were performed using the R statistical programming language, version 2.15.1 

(http://www.r-project.org/). 
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125 |Chapter III 

 

3.2 Results  

 

In view of the complexity surrounding the early detection of serous ovarian cancers and the 

potential involvement of non-ovarian tissues (distal fallopian tube and peritoneum), N- and 

O-MSglycomic profiling of clinically diagnosed serous ovarian (n=14), peritoneal (n=14) 

and tubal (n= 4) cancers from two independent cohorts, Australia (n=18) and Switzerland 

(n=14), were carried out. The membrane proteins were extracted and the released N- and O-

glycan alditols were analysed using negative ion mode LC-MS/MS, which resulted in the 

detection of well-resolved chromatographic peaks that corresponded to generally recognised 

glycan masses. The extracted ion chromatograms (EIC) for each of the observed MS signals 

were analysed and detailed glycan structures were manually assigned via the following 

steps: a) a monosaccharide compositional prediction approach based on residue masses 

(GlycoMod) (Cooper, Gasteiger et. al., 2001), b) a fragmentation mass spectral-matching 

approach of fragment ions produced by negative ion tandem MS of each glycan mass and c) 

use of diagnostic fragment ions in negative ion mode that have been previously reported for 

the identification of specific glycan structural features (Harvey, 2009; Everest-Dass, 

Abrahams et. al., 2013; Everest-Dass, Kolarich et. al., 2013) and d) known synthesis of glycan 

structures based on biological pathway constraints. Upon the identification of characteristic 

glycan features for each serous cancer type, glycan profiles were subjected to a series of 

statistical evaluations to potentially distinguish between serous ovarian, tubal and peritoneal 

cancers. The workflow employed in this study is outlined in Figure 1. 
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Figure 1. Graphic illustration of workflow employed in the extraction, profiling and analysis of N- and O-glycans of pelvic serous cancers. Briefly, membrane 

proteins extracted from serous cancers and released N- and O-glycan alditols were separated on porous graphitised carbon (PGC) and analysed using electrospray 

ionisation mass spectrometry (ESI-MS/MS). Glycans were structurally characterised using tandem MS and subjected to a battery of statistical evaluations to 

identify discriminatory glycans implicated in the distinction of serous ovarian, peritoneal and tubal cancers. 
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Serous cancers display highly similar membrane N- and O-glycan profiles 

For N-glycans, 55 distinct masses were identified across all the serous cancers at varying 

intensities within a mass range of m/z 600 - m/z 2200. The structures of these glycans, 

including their isobaric isomers, were then characterized and quantified based on their 

relative ion intensities (Table 2A) and classified into five major categories, namely the high 

mannose, hybrid, complex neutral, complex sialylated and core fucosylated based on the 

proposed nomenclatures (Stanley, Schachter et. al., 2009). The representative average MS 

spectra (Figure 2) were overall similar and showed that a majority of the peaks in the global 

MS profiles of all three serous cancer groups were associated with sialylated N-glycans 

which appeared to be comparable in terms of their relative ion intensities. Several other 

peaks which comprised of neutral and high-mannose type glycans were also observed, 

appearing at lower intensities. Due to the potential biological variation which would occur 

in the individual tissues of each serous cancer type, the total ion intensities of the five N-

glycan structural categories within all samples were represented individually (box plots) for 

all tissue samples to gain an insight into their heterogeneity (Figure 3A). One-way ANOVA 

was performed to assess the statistical significance between the average N-glycan expression 

of each structural category in all three serous cancer groups. No significant differences were 

observed between the three serous cancer groups for all five N-glycan categories. O-glycans 

were released from the extracted membrane proteins by alkaline β-elimination and analysed 

using negative ion mode LC-MS/MS. In total, nine O-glycan masses were detected across 

all the serous cancer tissue samples and the proposed O-glycan structures and their relative 

intensities for each cancer type are listed in Table 2B. Based on the representative MS 

spectra shown in Figure 4, the O-glycans appeared as singly charged ions in all samples 

which mainly comprised of Core 1 and Core 2 O-glycan structures. The total ion intensities 

for O-glycan structures based on the respective core-type are shown in Figure 3B, in which 

no significant differences were observed for the overall O-glycan expression across the 

individuals comprising the three serous cancer groups.  
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Table 2B 

Table 2. Proposed A) N- and B) O-glycan structures detected on the membrane proteins of serous 

cancers derived from the ovary, peritoneum and tube. N- and O-glycan structures released from 

serous cancer tissue membrane proteins were separated by PGC-LC-ESI and their structures were 

assigned based on MS/MS fragmentation (where possible), retention time differences and biological 

pathway constraints. Structures were depicted according to the Consortium of Functional Glycomics 

(CFG) notation with linkage placement to indicate linkages for sialic acid and fucose residues (where 

known). Specific linkages corresponding to Type 1 (Galβ1-3GlcNAc) or Type 2 (Galβ1-4GlcNAc) 

lactosamine linkages and sulphate residues were not distinguished.  N-glycan masses determined to 

consist of two or more isomer(s) but were not structurally resolved are indicated with asterisks (*). 

Values represent mean + SD of biological replicates [serous ovarian (n=14), serous peritoneal 

(n=14), serous tubal (n=4)]. Position of sulphate is not determined and represented by parentheses    

( ). 
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Figure 2. Representative average MS glycomic profiles of N-glycans released from membrane proteins of serous cancer tissues. An overview of the representative 

average MS N-glycan profiles in the range of m/z 640- m/z 1540 of serous ovarian (S75), serous peritoneal (S164) and serous tubal (Z22) cancer (LC elution time: 

30 to 70 mins). The N-glycan structures were identified by tandem MS and are represented mainly by the doubly charged species ion, m/z [M-2H]2-. Number of 

isomers corresponding to structurally resolved mass ions is indicated in parentheses ( ). N-glycan masses that were determined to consist of two or more isomer(s) 

but not structurally resolved are indicated with asterisks (*). 
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Figure 3. Quantitation of total relative abundances based on structural N-and O-glycan type as shown in Table 1. Box plots indicating changes in the relative ion 

intensities of A) 55 common N-glycans (high mannose, hybrid, complex neutral, complex sialylated and core fucosylated) and B) 9 O-glycans expressed in pelvic 

serous cancers. Data points for each serous cancer [serous ovarian (n=14), serous peritoneal (n=14), serous tubal (n=4)] represent total ion intensities of glycans 

in each category. Level of significance is indicated by ns (non-significant) for all categories. 
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Figure 4. Representative glycomic profiles of O-glycans released from membrane proteins of serous cancer tissues. An overview of the representative average MS 

O-glycan profiles in the range of m/z 600- m/z 1400 of serous ovarian (S102), serous peritoneal (L11) and serous tubal (Z22) cancer tissue (LC elution time: 20 to 

45 mins). The O-glycan structures were identified by tandem MS and are represented mainly by the singly charged species ion, m/z [M-H]1-. Doubly charged 

[M-H]2-  ion  with m/z 705.21- is also shown in the figure. Number of glycan isomers is represented in parentheses ( ). 
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Serous cancers express a common subset of glycan structural features 

The initial relative quantitative assessment of the overall expression of N- and O-glycans 

failed to reveal any significant changes between the populations of the three serous cancer 

types, thereby prompting an in-depth investigation of individual N- and O-glycan structures 

for possible more specific substructure differences. Many individual mass signals 

corresponded to a combination of structural and compositional isomers. For instance, some 

glycan compositions existed as several structural isomers with sialic acids located at various 

positions on the branched antennae of the N-glycan or with differences in sialic acid linkages 

(Table 2A: #32, #32a, #34, #34a and #34b; Figure 2).  These positional isomers typically 

do not affect their categorisation into the five N-glycan subtypes but they can be classified 

differently, taking into account different properties. For example, glycan masses with 

compositional isomers, such as bi-antennary N-glycan compositions with an additional 

HexNAc (GlcNAc or GalNAc) both have an additional residue mass of m/z 203 (Table 2A: 

#23 and #23a; Figure 2). This composition can correspond to either a tri-antennary 

(GlcNAc attached to α1-3 or α1-6 Man residue), bisecting-type (GlcNAc attached to 

branching core Man residue), or LacdiNAc-type antennae (GalNAc attached to GlcNAc). 

The determination of the detailed glycan structures was performed by the use of specific 

feature mass ions that are characteristic for negative ion fragmentation, and was used to 

classify the specific glycan epitopes expressed in each of the serous cancer groups as follows: 

a) Sialylation  

Sialylation appeared to be a major N-glycan feature of serous cancers of the ovary (n=14), 

peritoneum (n=14) and tube (n=4). In all three serous cancer groups, the total relative ion 

intensities of sialylated structures ranged between 65.6 to 68.5 % of all the N-glycan 

structures across all samples investigated, and therefore comprise the most abundant 

membrane glycans. Sialylated N-glycans were further classified based on the number of 

sialic acid residues, in which mono-, di- and tri-sialylated N-glycans were all observed to be 

present. Of the three types, the total ion intensities for mono- and di-sialylated N-glycans 

were similar, with few tri-sialylated N-glycans identified (p < 0.0001) (Figure 5A). 

Specifically, the four most abundant glycan masses were comprised of mono-sialylated N-

glycans with m/z 965.92- and m/z 1038.92- (Table 2A: #32, #32a, #33 and #33a) and di-

sialylated N-glycans, m/z 1111.42- and m/z 1184.52- (Table 2A: #34, #34a, #34b, #35, 

#35a and #35b) which represented approximately 49.83 % ± 10.84 %  and 48.90 % ± 7.80 % 

of total ion intensities for the serous ovarian and tubal cancers and 53.89 % ± 12.0 % for 

serous peritoneal cancers. 
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Figure 5. Relative quantitation of abundances of sialylation levels (mono-, di- and tri-) and branching patterns 

of N- and O- glycans. Sialylation of N- and O-glycans can be classified based on the number of sialic acid 

residues attached to the terminal non-reducing end of the glycan. The relative ion intensities for glycans 

bearing varying levels of sialylation are illustrated in (A) mono-, di- and tri-sialylated epitopes of N-glycans 

and (B) mono- and di-sialylated epitopes of O-glycans for each serous cancer group. Branching patterns of N-

glycans consisting of bi-antennary, bisecting-biantennary, tri- and tetra-antennary are illustrated in (C). Bar 

graphs represent total ion intensities for N number of glycan masses in each category for each serous cancer 

group. Error bars represent SD of biological replicates [serous ovarian (n=14), serous peritoneal (n=14), 

serous tubal (n=4)]. 

 

Likewise, for the O-glycans, sialylation was also a prominent feature, in which the two most 

abundant structures identified in all three serous cancer types were the mono- and di-
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sialylated O-glycans (Table 2B: #1 and #2; Figure 5B).  Specifically, Core 1 O-glycan 

structures with m/z 675.31- [(Neu5Ac)1(Gal)1(GalNAc)1] and m/z 966.31- [(Neu5Ac)2 (Gal)1 

(GalNAc)1] comprised 77.60 % ± 22.78 %, 75.69 % ± 23.58 % and 71.61 % ± 20.0 % of the 

total ion intensities of all the O-glycans in serous ovarian, serous peritoneal and serous tubal 

cancer tissues, respectively. 

Several glycans with structural isomers corresponding to differences in sialic acid linkage 

were also observed for some of the N-glycan masses. For example, mono-sialylated hybrid 

and complex-type N-glycans with m/z 945.32- [(Neu5Ac)1(Gal)1(GlcNAc)1(Man)2+(Man)3 

(GlcNAc)2] and m/z 965.92- [(Neu5Ac)1(Gal)2(GlcNAc)2+(Man)3(GlcNAc)2], respectively 

were found to contain isomers with terminal α2-3 or α2-6-linked sialic acids which were able 

to be differentiated based on their chromatographic retention times as shown in Figure 6A 

(i) and (ii). For both these N-glycans, the sialylated α2,6-linked glycan was shown to elute 

from the porous graphitised carbon column approximately 8 minutes earlier than the 

sialylated  α2,3-linked glycan isomer. The chromatographic behaviour and retention times of 

these sialylated isomeric structures have been previously identified (Townsend, Hardy et. al., 

1989; Nakano, Saldanha et. al., 2011) and were confirmed by exoglycosidase (sialidase) 

treatments in our recently published cell line study which is also part of this thesis (Chapter 

2 and published as Anugraham et. al.) (Anugraham, Jacob et. al., 2014). Similarly, the most 

abundant di-sialylated N-glycan of m/z 1111.42- [(Neu5Ac)2(Gal)2(GlcNAc)2+(Man)3 

(GlcNAc)2] was also found to comprise of structural isomers bearing α2-3 or/and α2-6 sialic 

acid linkages. For this N-glycan, the most abundant bi-antennary di-sialylated α2,6-linked 

glycan (α2,6/α2,6-) isomeric structure eluted from the column earlier than the remaining 

two structural isomers containing α2,6/α2,3- and α2,3/α2,3- linked sialic acids, respectively 

[Figure 6A(iii)]. In total, 10 sialylated N-glycan masses (Table 2A: #7, #10, #11, #13, 

#14, #31, #32, #33, #34 and #35) were found to contain these isomeric structures which 

were distinguished by distinct extracted ion chromatograms. Specifically, 5 of these N-

glycans were mono-sialylated hybrid structures (Table 2A: m/z 783.32-, m/z 856.32-, m/z 

864.32-, m/z 937.32-, m/z 945.32-), of which the α2-6 mono-sialylated isomer accounted for 

58.4 -66.6 % of the total hybrid-type isomeric structures for all three serous cancers [Figure 

6B(i)]. Likewise, the remaining 5 isomeric N-glycans were mono- (m/z 957.82-, m/z 965.92- 

and m/z 1038.92-) and di-sialylated (m/z 1111.42- and m/z 1184.52-) complex-type glycans, 

which displayed α2-6 sialylation for approximately 62 % [Figure 6B(ii)] and 62-70.0 % of 

the total complex-type isomeric structures [Figure 6B(iii)], respectively for all three serous 

cancer groups. 
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Figure 6. Representative extracted ion chromatograms (EIC) of mono- and di-sialylated N-glycans and the corresponding relative abundances for total and α 2-6 sialyation. (A) 

PGC- LC allows for the separation of α 2-6 and α 2-3 sialylated N-glycans based on retention time. The representative EICs depicting the separate retention times for isomers 

with α2-6-linked and α2-3-linked sialic acids are represented for mono-sialylated N-glycans, m/z 945.32- [(Neu5Ac)1 (Gal)1(GlcNAc)1(Man)2+(Man)3(GlcNAc)2](i) and m/z 

965.92- [(Neu5Ac)1(Gal)2(GlcNAc)2+(Man)3(GlcNAc)2](ii) and di-sialylated N-glycan, m/z 1111.42- [(Neu5Ac) 2(Gal)2(GlcNAc)2 +(Man)3(GlcNAc)2](iii). (B) Relative abundances 

for N number of N-glycans bearing sialylated isomeric structures and the percentage of α2-6 sialyation of these isomers is displayed for hybrid mono-sialylated  [Table 2: 5 N-

glycans; m/z 783.32-, m/z 864.32-, m/z 856.32-, m/z 937.32- and m/z 945.32-] (i), complex mono-sialylated  [3 N-glycans; m/z 957.82-, m/z 965.92- and m/z 1038.92-] (ii) and 

complex di-sialylated [2 N-glycans; m/z 1111.42- and m/z 1184.52-] (iii) for each serous cancer group. Error bars represent SD of biological replicates [serous ovarian (n=14), 

serous peritoneal (n=14), serous tubal (n=4)]. 
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b) Bi-antennary N-glycans  

Branching patterns in a typical N-glycan structure, formed by the action of specific N-

acetylglucosaminyltransferases, can vary in size and are reflective of the number of antennae 

(Stanley, Schachter et. al., 2009). Bi-antennary N-glycans, for instance, are formed initially 

through the addition of β1-2-linked GlcNAc (N-acetylglucosamine) residues by the enzyme 

GlcNAcT-II on both the α1-3 and α1-6-linked Man residues of the N-glycan core 

[(Man)3(GlcNAc)2] which are typically elongated with a Gal residue to form an antenna on 

each arm. The definitive assignment of an antenna in this study was performed based on the 

presence of a complete LacNAc (Gal-GlcNAc) antenna, regardless of the presence of other 

modifications such as sialylation or sulphation. In total, seven N-glycan compositions 

(including isomers) corresponding to neutral (m/z 820.32- and m/z 893.32-) (Table 2A: #17 

and #15) and sialylated (m/z 965.92-, m/z 1038.92-, m/z 1078.92-, m/z 1111.42- and                        

m/z 1184.52-)(Table 2A: #32, #33, #39, #34 and #35) bi-antennary N-glycans were 

observed in serous cancer tissues, accounting for 53.51 % ± 10.86 %, 58.52 % ± 11.64 % and 

51.89 % ± 7.62 %, of the total glycans on membrane proteins of serous ovarian, peritoneal 

and tubal cancers, respectively (Figure 5C). In regards to the more highly branched N-

glycan structures which are synthesised by the enzyme, GlcNAcT-IV and GlcNAcT-V to 

form β1-4- and β1-6-linked GlcNAc, respectively, 11 N-glycans comprising of tri- and tetra-

antennary structures were identified, despite having very significantly lower relative ion 

intensities in all three serous cancer groups as compared to the bi-antennary N-glycans (p < 

0.0001). Specifically, eight tri-antennary N-glycans (m/z 1002.92-, m/z 1075.92-, m/z 

1221.52-, m/z 1367.02-, m/z 1148.52-, m/z 1512.52-, m/z 1294.02-, m/z 1440.02-) (Table 2A: 

#19, #21, #46, #49, #37, #48, #47, and #51), ranged between 4.4 % and 5.7 % while three 

tetra-antennary N-glycans (m/z 1258.52-, m/z 1404.12- and m/z 1550.12-) (Table 2A: #22, 

#50, and #52) accounted for less than 1 %, of the total membrane N-glycans in the serous 

ovarian, peritoneal and tubal cancers (Figure 5C).  

c) Bisecting GlcNAc N-glycans 

Interestingly, we also observed the presence of bisecting-type N-glycans which accounted 

for approximately 6.78 % ± 2.89 %, 6.89 % ± 2.22 % and 5.63 % ± 2.48 % of the total ion 

intensities of N-glycans in serous ovarian, peritoneal and tubal cancer respectively (Figure 

5C). A bisecting-type N-glycan is formed when a GlcNAc residue is attached to the 

innermost mannose of the N-glycan core by the action of a specific enzyme, β1-4-N-acetyl-

glucosaminyltransferase III (GlcNAcT-III), encoded by the MGAT3 gene. In total, there 

were 10 structures which corresponded to bisecting N-glycan structures, of which several 
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forms were observed such as the agalactosylated bisecting (m/z 759.92-, m/z 840.82- and m/z 

913.92-)  (Table 2A: #24, #27, and #23a), bi-antennary bisecting (m/z 921.92- and m/z 

994.92-) (Table 2A: #28 and #25), mono-sialylated bi-antennary bisecting (m/z 986.52-, m/z 

1059.42-, m/z 1067.52- and m/z 1140.42-) (Table 2A: #43, #42a, #30 and #36) and di-

sialylated bi-antennary bisecting (m/z 1286.02-) (Table 2A: #44) N-glycans. The presence 

of the ‘bisecting’ GlcNAc group is characterised by a diagnostic D-221- [203- (mass of 

bisecting GlcNAc) + 18-(H2O)] cleavage ion which occurs specifically in the negative ion 

mode. This ion can be visualized in the MS/MS fragmentation spectra of bi-antennary N-

glycans as m/z 670.11- which corresponds to the loss of the GlcNAc residue from the D ion 

(mass of  6-arm antennae composition and two remaining branching core Man residues), 

accompanied by the loss of a water molecule (Figure 7). As observed in Figure 7A-C, when 

the parent ion masses were fragmented, the D-221 fragment ion mass at m/z 670.11- which 

corresponds to the composition, Gal-GlcNAc-Man-Man-18- (H2O) was observed in the 

MS/MS spectra. In Figure 7D, the D-221- ion was observed as m/z 508.11, for the 

agalactosylated N-glycan with m/z 759.92-, thereby corresponding to the mass of GlcNAc-

Man-Man-18- (H2O). 

d) Terminal fucosylation 

Terminal fucosylation of N- and O-glycans typically gives rise to the presence of Lewis and 

sialylated Lewis antigens (e.g. Lex and sLex) as well as blood group antigens (e.g. H 

antigen). The expression of these structures, despite their low intensities and poor MS/MS 

fragmentation patterns, was observed on some of the proteins of the serous cancer tissues. 

Specifically, one N-glycan composition corresponding to a core fucosylated tri-antennary    

(m/z 1440.12-) (Table 2A: #51) N-glycan was found to contain one fucose residue at the 

terminal end while another tetra-antennary N-glycan structure (m/z 1550.12-) (Table 2A: 

#52) contained two fucose residues. These structures only accounted for 0.91 % ± 0.42 %, 

1.08 % ± 0.75 %, and 0.92 % ± 0.72 % of the total relative ion intensities in serous ovarian, 

peritoneal and tubal cancers, respectively. Terminal fucosylation on O-glycans was observed 

in only one of the serous ovarian cancer tissues and identified as Core 1 O- glycan m/z 

530.21- (Table 2B: #4), in which the MS/MS fragment spectrum tentatively identified this 

structure to contain the fucose α1-2-linked to the Gal residue as evidenced by the B and C 

fragment ions at m/z 307.11- and m/z 325.11- respectively (Figure 8A). 
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Figure 7. Representative MS2 fragment ion spectra depicting the diagnostic ions of bisecting GlcNAc type N-glycans in serous cancers. A bisecting-type N-glycan is formed 

when a GlcNAc residue is attached to the innermost mannose of the N-glycan core by the action of a specific enzyme, β1-4-N-acetyl-glucosaminyltransferase III (GlcNAcT-III). 

In N-glycans, the diagnostic ion, D-221- ion, is formed through the cleavage of the bisecting GlcNAc attached to the innermost Man residue of the 6-antenna arm comprising of 

Gal-GlcNAc-bisecting GlcNAc-Man-Man. The fragment ion resulting from this specific cleavage is shown to appear at m/z 670.31- in the representative N-glycan MS2 spectra of           

m/z 840.82- (A), m/z 994.92- (B) and m/z 1286.02- (C). For the agalactosylated N-glycan with m/z 759.92-, this diagnostic fragment ion is observed at m/z 508.31-. 
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Figure 8. Representative MS2 fragment ion spectra depicting terminal modifications of O-glycans with fucose, sulphate and sialic acid residues. Diagnostic 

fragment ions characteristic for the identification of terminal modifications in O-glycans are illustrated for fucosylated Core 1 O-glycan with m/z 530.21-(A), 

sulphated Core 1 O-glycan with m/z 755.21- (B), monosialylated and sulphated Core 2 O-glycan with m/z 1120.21- (C) and di-sialylated and sulphated Core 2 O-

glycan with m/z 705.22- (D). Position of sulphate is not determined and represented by parentheses ( ). 



144 |Chapter III 

 

e) Terminal sulphation 

Apart from sialic acid modifications to the non-reducing end of the N-glycan, acidic              

N-glycans in the form of sulphated O-glycans have been previously observed in ovarian 

cancer ascites fluid (Karlsson and McGuckin, 2012). Sulphated structures were also observed 

in the serous cancer tissues analysed in this study, in which one N-glycan with m/z 1078.92- 

(Table 2A: #39) was found to be present in eight serous ovarian cancer tissues (0.18 % ±  

0.19 %), five serous peritoneal cancer tissues (0.48 % ± 1.42 %) and one serous tubal tissue 

(0.19 % ± 0.00 %). Similarly, terminal sulphation was also observed at varying intensities on 

a few Core 1 and Core 2 O-glycans. The characterisation of these low abundance sulphated 

O-glycans is shown in their MS/MS fragment spectra in Figure 8B-D. Core 1 sulphated 

and mono-sialylated O-glycan with m/z 755.31- [(Sulph)1(Neu5Ac)1(Gal)1(GalNAc)1] 

(Table 2B: #3) was observed in three serous ovarian (2.06 % ± 1.03 %), two serous 

peritoneal (2.30 % ± 0.90 %) and one tubal cancer tissue (0.27 % ± 0.00 %). The position of 

the sulphate residue on either the Gal or the GalNAc residue for O-glycan with m/z 755.21- 

however was not able to be precisely determined due to insufficient fragmentation ions 

(Figure 8B). 

For Core 2 O-glycans, sulphated mono-sialylated O-glycans with m/z 1120.31- 

[(Sulph)1(Neu5Ac)1(Gal)2(GlcNAc)1(GalNAc)1] (Table 2B: #8) were identified in seven 

serous ovarian (2.32 % ± 4.00 %), five serous peritoneal (1.48 % ± 0.92 %) and two tubal 

cancer tissues (1.62 % ± 1.87 %). Based on the MS/MS fragment spectra, the identification 

of the B2 glycosidic cleavage ion at m/z 532.21- clearly determined the position of the 

sulphate residue on the Gal residue (Figure 8C). In addition, a sulphated di-sialylated O-

glycan with m/z 705.21- [(Sulph)1(Neu5Ac)2(Gal)2(GlcNAc)1(GalNAc)1] (Table 2B: #9) was 

also observed in one serous ovarian cancer (1.41 ± 0.00 %) and two serous tubal cancer 

tissues (2.83 % ± 3.82 %) (Figure 8D). Once again, the location of the sulphate residue was 

found to be linked to the Gal, although the precise identification of the Gal residue linked to 

either the GlcNAc or Core GalNAc was not determined (Figure 8D). The linkage of the 

sulphate residue, however, either as 4-or 6-linked O-sulphate, was not determined and 

beyond the scope of this study. 
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N,N'-diacetyl-lactosamine-type (LacdiNAc) N-glycans are present in serous ovarian 

and tubal cancer tissues 

While the separation of sialylated isomers has been clearly demonstrated in this study, the 

isomer-resolving capabilities of the porous graphitised carbon were once again utilised for 

the identification of other compositional isomers which were differentiated based on their 

separate retention times and MS/MS fragmentation. For instance, the neutral N-glycan m/z 

913.92- with a composition of (Hex)1(HexNAc)3(dHex)1 +(Man)3(GlcNAc)2, consists of two 

compositional isomers with separate retention times [Figure 9A(i) -insert and A(ii) -

insert]. The first isomer was shown to elute at 40 mins and the tandem MS spectra 

corresponded to a bisecting-GlcNAc-type core-fucosylated N-glycan with a monosaccharide 

composition of (Gal)1(GlcNAc)3(Fuc)1+(Man)3(GlcNAc)2. This was confirmed by the 

presence of the diagnostic D-221- cleavage ion at m/z 508.11- [Figure 9A(i)]. The second-

eluting isomer at 48 mins consisted of a monosaccharide composition of 

(Gal)1(GalNAc)1(GlcNAc)2(Fuc)1+ (Man)3(GlcNAc)2 which corresponded to a ‘LacdiNAc’-

type N-glycan. The presence of the LacdiNAc antenna (GalNAcβ1-4GlcNAc) was indicated 

by the B ion at m/z 405.11- and the 1,3A cross-ring cleavage ion at m/z 465.11-. This ion is 

also termed as ‘F ion’(Harvey, 2005) and has a composition of GalNAc-GlcNAc-O-CH=CH-

O- (GalNAc + GlcNAc + 591-) which comprises the LacdiNAc disaccharide and two carbon 

atoms of the branching Man residue.  The location of the LacdiNAc on either the 3-arm or 

6-arm antenna of the N-glycan core was further distinguished by the D ion at m/z 729.81- 

which corresponds to the mass of the 6-arm antenna, comprising of GalNAc-GlcNAc and 

two remaining branching core Man residues, thereby confirming the presence of the 

LacdiNAc on the 6-arm antenna [Figure 9A(ii)]. 

 

In total, five N-glycan compositions that corresponded to neutral (m/z 913.92- and m/z 

934.42-) (Table 2A: #23 and #29), and sialylated LacdiNAc (m/z 1059.42-, m/z 1079.92- and 

m/z 1205.02-) (Table 2A: #42, #40 and #45) motifs were identified, accounting for 

approximately 2.77 % ± 2.00 %, and 2.09 % ± 2.30 %, of the total N-glycans in serous 

ovarian and tubal cancers respectively, while only 0.62 % ± 1.31 %, was found in the serous 

peritoneal cancer group (Figure 9B). MS/MS spectra of N-glycans bearing neutral (m/z 

934.42-) and sialylated LacdiNAc antennae (m/z 1079.92- and m/z 1205.02-) are represented 

in Figure 9A (iii-v). The N-glycan with m/z 1205.02- 

[(Neu5Ac)1(Gal)1(GlcNAc)2(GalNAc)1(dHex)1+(Man)3 (GlcNAc)2] was found to display 

antenna containing both the sialylated form of the LacdiNAc (Neu5Ac-GalNAc-GlcNAc) 

and the sialylated LacNAc (Neu5Ac-Gal-GlcNAc), observed as mass fragments of m/z 
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696.21- and  m/z 655.21-, respectively [Figure 9A (iv)] and was present in thirteen of the 

fourteen serous ovarian cancer tissues analysed in this study. Likewise, in serous tubal 

cancers, this structure was detected in three of the four serous tubal cancers analysed. 

However, in the peritoneal serous cancer tissues, it was only found two of the fourteen 

serous cancer tissues analysed. A proposed pathway of the synthesis of these unique N-

glycan structures by the action of specific glycosyltransferases is shown in Figure 10. 

 

 

Figure 9. Representative MS2 fragment ion spectra depicting the differentiation of bisecting-

biantennary and LacdiNAc-type N-glycans and quantitation of relative abundances of LacdiNAc-type 

structures in serous cancers. (A) The neutral N-glycan m/z 913.92- with a composition of 

(Hex)1(HexNAc)3(dHex)1 +(Man)3(GlcNAc)2 consists of two compositional isomers with separate retention 

times [i-(insert)]. The first isomer was shown to elute at 40 mins and the tandem MS spectra corresponded to 

a bisecting-GlcNAc-type core-fucosylated N-glycan with a monosaccharide composition of (Gal)1(GlcNAc)3 

(Fuc)1+(Man)3(GlcNAc)2. This was confirmed by the presence of the diagnostic D-221- cleavage ion at m/z 

508.11-. The second-eluting isomer at 48 mins consisted of a monosaccharide composition of 

(Gal)1(GalNAc)1(GlcNAc)2(Fuc)1+ (Man)3(GlcNAc)2 which corresponded to a ‘LacdiNAc’-type N-glycan [ii-

(insert)]. The presence of the LacdiNAc antenna (GalNAcβ1-4GlcNAc) was indicated by the B ion at m/z 

405.11- and the 1,3A cross-ring cleavage ion at m/z 465.11-. This ion is also termed as ‘F ion’ and has a 

composition of GalNAc-GlcNAc-O-CH=CH-O- (GalNAc + GlcNAc + 591-) which comprises the LacdiNAc 

disaccharide and two carbon atoms of the branching Man residue. Several forms of LacdiNAc-type N-glycans 

identified in serous ovarian cancer are illustrated for neutral LacdiNAc N-glycan with m/z 934.42- (iii), 

sialylated LacdiNAc N-glycan with m/z 1079.92- (iv) and sialylated LacdiNAc/LacNAc N-glycan with m/z 

1205.02- (v). (B) Box plot representing relative abundances of LacdiNAc-type N-glycans in serous cancers. 

Data points for each serous cancer group [serous ovarian (n=14), serous peritoneal (n=14), serous tubal (n=4)] 

represent total ion intensities of glycans in each category. Level of significance is indicated by p value. 
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Figure 10. Proposed biosynthetic pathway for synthesis of LacdiNAc-type N-glycans. LacdiNAc-

type N-glycans that were identified in this study and found to be up-regulated in serous ovarian 

cancer tissues (T) and in previously analysed ovarian cancer cell lines, SKOV3 and IGROV1 (CL)   

(Chapter 2). Glycosyltransferase genes involved in the transfer of β1-4GalNAc and α2-6Neu5Ac are 

represented in parentheses ( ). 
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Statistical analysis for potential glycan biomarker discovery and diagnosis of pelvic 

serous cancers 

Several statistical analyses were employed to evaluate the discriminatory potential of N-and 

O-glycans identified in this study. An important factor that was taken into consideration was 

the prior classification of these serous cancers based on their diagnosis at the time of 

collection. As noted previously, most of the tumours that were classified as serous ovarian, 

peritoneal or tubal were surgically removed from their respective location (ie. ovary, 

peritoneal/omentum or fallopian tube) at the time of diagnosis. However, in some cases, the 

diagnosis of the serous cancers did not correspond to the location from which it was derived. 

For instance, two of the four serous cancers diagnosed as ‘tubal’ cancers were surgically 

removed from the ovary and not from their corresponding tubal tissue. To overcome 

discrepancies which could potentially arise from the assignment of glycans that are specific 

to a particular serous cancer or tissue origin, the subsequent statistical analyses were carried 

out for two individual classifiers, namely the diagnosis of these serous cancers 

(Discriminant 1) and the tissue from which the tumour was surgically removed from 

(Discriminant 2) as listed in Table 1. 

 

Specific N- and O-glycan structures are differentially expressed in serous cancers 

As an initial statistical assessment, one-way analysis of variance (ANOVA) was performed to 

identify potential differences between the individual glycans. In this analysis, the mean 

relative ion intensities of individual N- and O-glycans were compared to provide an 

indicative evaluation of their differential expression. Statistical significance using p values to 

signify the confidence level of assigning their differences were obtained for Discriminant 1 

and 2.  Several N- and O-glycans that were found to be statistically significantly different in 

terms of their expression in all three serous cancers are listed in Table 3A and B. For 

Discriminant 1 (diagnosis) (Table 3A), the distinction between serous ovarian (SOC) and 

serous peritoneal (SPC) cancer revealed four statistically significantly (0.001 < p < 0.025) 

different N-glycans which were found to be up-regulated in serous ovarian cancer. Three of 

these N-glycans with m/z 1205.02-, m/z 1059.42- and m/z 1079.92- and contained the 

LacdiNAc-type motif while the other N-glycan corresponded to a hybrid-type of m/z 937.32-

. Serous tubal cancers (STC) also appeared to be differentiated by the hybrid structure (m/z 

937.32-) from SPC, and from both SOC and SPC based on the significant increase in 

abundance observed for the sulphated di-sialylated O-glycan (m/z 705.22-).  
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For Discriminant 2 (tissue origin), serous cancers were re-analysed as majority of the 

tumours were surgically derived from either the ovary or the peritoneum/omentum (Table 

1). The single surgically-derived tubal specimen was thus excluded from this analysis due to 

insufficient number of biological replicates. In total, 10 N-glycans and 2 O-glycans were 

identified to be significantly altered (0.0001 < p < 0.028) between the serous ovarian and 

serous peritoneal/omentum tissues in their relative intensities (Table 3B). As well as the 

specific LacdiNAc-type N-glycans previously identified in Discriminant 1 (m/z 1205.02-, 

m/z 1059.42- and m/z 1079.92-), we identified four other N-glycan structures which 

comprised of a LacdiNAc-type (m/z 913.92-) and three  mono-sialylated hybrid glycans (m/z 

856.42-, m/z 937.32- and m/z 945.32-) which were elevated in ovarian–derived tissues, 

relative to peritoneum/omentum-derived serous tissues. On the other hand, the latter 

expressed statistically elevated glycan structures comprising of complex bisecting-type (m/z 

994.92-), mono-sialylated (m/z 1038.92-, and m/z 1221.52-) and Core 2 sialylated O-glycans                

(m/z 1040.51-, and m/z 1331.52-) compared to ovarian-derived tissues (Table 3B). 

 

 

Table 3. Statistical evaluation of N- and O-glycan structures involved in the distinction of serous 

cancers of the ovary, peritoneum and tube. The statistically performance of individual N- and O-

glycans implicated in the distinction of serous cancers based on their diagnosis (Discriminant 1-

Table 3A) and tissue source (Discriminant 2-Table 3B) were evaluated using one-way ANOVA 

analysis (p < 0.05) and represented by area-under-the curve (AUC) values obtained through ROC 

analyses. Average relative intensities for N- and O-glycan structures are displayed according to 

respective classifiers (Discriminant 1 and 2). 
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N-glycans derived from serous cancers of the ovary and peritoneum reveal distinct 

clustering patterns 

The one-way ANOVA analyses thus revealed some statistically significant differences in 

specific glycan structures which could potentially distinguish between serous cancers, 

particularly between the N-glycans of serous ovarian and serous peritoneal cancers. 

Therefore, it is important to note that the specific N- and O-glycan profiles generated for 

each serous cancer tissue in this study, although mostly similar for the major glycan 

structures, are nonetheless quite unique. These profiles are truly representative of individual 

biological differences and contain glycan features that pertain to the different serous tissue 

types. Hence, with this wealth of glycan expression data acquired using ESI-MS/MS, 

various clustering techniques, prediction and classification tools were selectively used to 

interpret the data for their potential utility in clinical application. Typically, relative 

quantitative glycan profiling experiments are characterised by many variables (different 

glycan structures) on only a few number of observations (experiments or samples). As 

demonstrated in our study, the number of samples for each serous cancer group was 

reasonably small (serous ovarian,   n= 14; serous peritoneal, n=14; serous tubal, n= 4) and 

the total number of N-glycan compositions identified was 57. Hence, the number of 

variables, p, easily exceeds the number of observations, N. It is therefore important to note 

that while the number of glycans identified is comparatively large, there may be only a few 

underlying glycan combinations that account for most of the data variation. Dimension 

reduction methods can help to focus attention on a lower K-dimensional glycan component 

space. Here in this study, two dimensional reduction methods of PCA and PLS-DA have 

been employed to achieve this as described below: 

a) Principal Component Analysis (PCA) 

To visualize the representation of the various N-and O-glycan profiles of these cancers based 

on their similarities and differences, a statistical tool known as Principal Component 

Analysis (PCA), is utilized to help focus on the directions (glycan linear combinations) of 

highest variability in the data. The main objective of PCA is to find common factors, also 

known as ‘principal components ‘ which represent linear combinations of the variables under 

investigation. Briefly, a data set is represented in terms of an m × n matrix, X where the n 

columns are the samples (e.g. observations) and the m rows are the variables as shown in the 

formula below: 
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This matrix is represented in terms of m row vectors, each of length, n, and transformed to a 

covariance matrix which can be used to calculate eigenvectors and eigenvalues which 

subsequently form the ‘principal components’. The eigenvector with the largest eigenvalue has 

the direction of the largest variance and corresponds to the first principal component (PC1), 

while the second largest eigenvalue is the (orthogonal) direction with the next highest 

variation which forms the second principal component (PC2) and so on.  The outcome of this 

analysis is achieved without prior knowledge of the specific diagnosis (unsupervised 

classification). The N-and O-glycan data set acquired for all the individual serous cancers 

were subjected to PCA analysis and the scores for each sample were represented in the plot 

based on Discriminant 1 (diagnosis) [Figure 11(i) and 12(i)] and Discriminant 2 (tissue 

source) [Figure 11(ii) and 12(ii)]. For N- glycan score plots, there appeared to be a 

reasonable clustering of data based on Discriminant 1 [Figure 11(i)], in which serous 

peritoneal cancer could be differentiated from serous ovarian cancer to a certain extent based 

on Principal Component 2, although a varying degree of heterogeneity was observed for 

both groups. For the O-glycan score plots, although a majority of serous peritoneal cancers 

appeared to be reasonably separated from serous ovarian cancers based on the direction of 

Principal Component 3 for Discriminant 1[Figure 12(i)], there seemed to be a small 

proportion of serous peritoneal cancer samples that appear to be clustered near the serous 

ovarian cancer group. 

Using the identical PCA score plots generated for individual serous cancers in 

Discriminant 1 (diagnosis) [n=32; SOC=14; SPC=14; STC=4), we re-assigned each serous 

cancer sample with the respective tissue identifier based on Discriminant 2 (tissue source)  

[n=32; ovarian=16; peritoneum/omentum=15; tube=1) to further investigate if their N- 

and O-glycomic profiles were reflective of the various tissues from which these samples were 

surgically derived from (ie. left and right ovary, peritoneum/omentum and tube) [Figure 

11(ii) and 12(ii)]. A majority of serous cancer samples appeared to be clustered based on 

their specific tissue identifier, however, we noted a few ‘non-conformists’ that could pertain 

to discrepancies in diagnosing these serous cancers. For instance, based on the N-and O-

glycan score plot, the serous tubal cancer sample (#TB.448) is clustered together with the  
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serous ovarian group [Discriminant 1-Figure 11(i) and 12(i)] and was actually surgically-

derived from the ovary [Discriminant 2-Figure 11(ii) and 12(ii)]. Likewise, a discrepancy 

was observed for the diagnosed serous peritoneal cancer sample (#PT.418) which is seen to 

rather cluster within the serous ovarian group [Discriminant 1-Figure 11(i) and 12(i)], 

and was surgically-derived from the ovary [Discriminant 2-Figure 11(ii) and 12(ii)]. 

These discrepancies are interesting in that the glycan profiles may provide a more reliable 

diagnosis of cancer origin and facilitate the histo-pathological staging of tumours based on 

their respective tissues. 
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Figure 11. Two-dimensional PCA score plot depicting clustering of serous cancers according to their respective N- glycan profiles for Discriminant 1 and 2. 

The N-glycan data set (n=57 compositions) acquired for all the individual serous cancers were subjected to PCA analysis and the scores for each sample were 

represented in the plot for Component 2 and Component 3 based on Discriminant 1 (cancer diagnosis) (ovarian: n=14; peritoneal: n=14; tubal:n=4) (i) and 

Discriminant 2 (tissue source) (ovarian: n=16; peritoneum/omentum: n=15; fallopian tube: n=1) (ii). Red circles: OV-serous ovarian cancer; green squares: PT-

serous peritoneal cancer; blue triangles: TB-serous tubal cancer. 
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Figure 12. Two-dimensional PCA score plot depicting clustering of serous cancers according to their respective O-glycan profiles for Discriminant 1 and 2. The 

O-glycan data set (n=9 compositions) acquired for all the individual serous cancers were subjected to PCA analysis and the scores for each sample were 

represented in the plot for Component 2 and Component 3 based on Discriminant 1 (cancer diagnosis) (ovarian: n=14; peritoneal: n=14; tubal:n=4) (i) and 

Discriminant 2 (tissue source) (ovarian: n=16; peritoneum/omentum: n=15; fallopian tube: n=1) (ii). Red circles: OV-serous ovarian cancer; green squares: PT-

serous peritoneal cancer; blue triangles: TB-serous tubal cancer. 
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b) PLSDA analysis 

Partial least squares discriminant analysis (PLSDA) represents a form of supervised 

classification, in which the components of PLS are selected so that the sample co-variance 

between the response and a linear combination of the p predictors (glycans) are maximized. 

This specific criterion employed in PLS is thus, directly driven by the knowledge of the 

response variable, and thus should yield a better classification (eg. cancer diagnosis) 

(Nguyen and Rocke, 2002). The PLS approach undertaken in this study consists of two main 

steps; a) generating a classifier using the data and the known response and b) predicting the 

classification of a new sample, by assigning it to a category that its most like to have come 

from. This analysis is modelled using the logistic functional form illustrated below, where x 

is the column vector of p predictor values and y denotes the binary response value. For 

instance, y = 0 for serous ovarian cancer, y = 1 for serous peritoneal cancer and x is the 

corresponding expression value of p glycans. In logistic regression, π = P (y=1| x) = P 

(tumor with glycan profile x) and parameter β represents the Maximum Likelihood 

Estimates (MLE). 

                                              π =     exp (x’β) 

                                                      1 + exp (x’β) 

The predicted class of each cancer tissue (serous ovarian or serous peritoneal) is                    

 ̂= I (  ̂ > 1 -   ̂ ), where I (.) is the indicator function; I (A) = 1 if condition A is true and 

zero otherwise. Hence, a sample is classified as cancer ( ̂ = 1) if the estimated probability of 

observing a serous peritoneal tumour sample given the glycan profile, x, is greater than the 

probability of observing a serous ovarian cancer with the same glycan expression profile 

(Nguyen and Rocke, 2002). In order to utilize the linear discriminant analysis (LDA), 

corresponding glycan profiles in the reduced dimensional space must be obtained from PLS 

or PCA. To quantitatively evaluate the accuracy of this approach, we used leave-one-out 

cross-validation. In turn, each one of the samples was excluded and a model was fitted based 

on the remaining samples except for the excluded sample. This new fitted model was then 

used to predict the classification of the excluded sample and the classification success of all 

samples was combined and reported as the overall accuracy. 

In this study, the PLSDA-derived statistical analysis was applied and the statistical model 

was validated using the above leave-one-out-cross-validation. Specifically, twenty-eight 

(serous ovarian=14; serous peritoneal=14) cancer tissue samples of Discriminant 1 

(diagnosis) were analysed. Serous tubal cancers were excluded due to too low sample 

number. Overall classification results demonstrated 78.57 % accuracy, in which 11/14 
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samples were correctly classified (p = 0.00186) for serous ovarian and peritoneal cancer, 

respectively. As shown in Figure 13, each point in the PLSDA plot contains information 

which is reflective of the explicit measurement of specific glycan structures which 

correspond to each serous cancer group. Hence, the clustering of same coloured points 

indicates the ability of this statistical analysis to define the similarity between the biological 

replicates of each tissue group. In regard to the discrimination between serous ovarian and 

serous peritoneal cancer tissues, there is a clear trend in the statistical output which 

supports the validity of this analysis for the diagnosis and discrimination of serous ovarian 

from peritoneal cancers. Specifically, as one moves from the left to the right along the x axis 

(Component 1), it becomes increasingly evident that serous peritoneal cancer cluster quite 

closely compared to serous ovarian cancers. In total, 11 N-glycans (Table 2A: #13, #21, 

#22, #23, #26, #29, #40, #41, #42, #45 and #52) contributed to the separation based on 

Component 1, of which five N-glycans with m/z 913.92-, m/z 1079.92-, m/z 1059.42- and m/z 

1205.02- as previously mentioned (Table 3A), and together with the N-glycan with m/z 

934.42- were found to contain LacdiNAc motifs.  

Interestingly, some of the mis-diagnoses as observed in the PLSDA were not particularly 

random, in that there was a definitive correlation to the tissue source from which the tumour 

was surgically-derived, rather than from the assigned diagnosis, as shown by the PCA 

analysis. For instance, of the three tissues, #OV 450, #OV 308 and # OV 55, that indicated 

incorrect diagnosis of SOC by PLSDA (Figure 13), #OV 308 clustered within the SPC 

group (Discriminant 1) as indicated by the PCA analysis of the N-glycans [Figure 11(i)] 

and this tissue was in fact derived from the omentum [Discriminant 2-Figure 11(ii)]. 

Likewise of the three samples, #PT 418, #PT 524 and #PT 153 that were incorrectly 

diagnosed as SPC by PLSDA (Figure 13), #PT 418, originally derived from the left ovary 

[Discriminant 2-Figure 11(ii)] was seen to cluster within SOC group (Discriminant 1) as 

indicated by the PCA analysis of the N-glycans [Figure 11(i)]. This tissue was also present 

as an outlier from both clusters in the PLSDA analysis. The remaining two tissues that were 

apparently mis-diagnosed as SOC (#OV 450 and #OV 55) and SPC (#PT 524 and #PT 

153) samples were found to cluster around the overlap of the ellipses for each serous cancer 

group in the PLSDA analysis. When compared to their respective PCA clustering, both 

tissues #OV 450 and #OV 55, were surgically removed from the right ovary, while #PT 

524 and #PT 153 were removed from the omentum [Discriminant 2-Figure 11(ii)]. The 

PLSDA analysis was not performed for O-glycans due to the few glycan structures identified 

across both SOC and SPC groups. Overall, the PLSDA analysis thus reveals similar 

clustering patterns to PCA analysis, with even more significant correlations between the 



160 |Chapter III 

 

individual glycan profiles and their corresponding serous cancer diagnosis. More 

importantly, both analyses indicate that serous cancers of the ovary and peritoneal can be 

distinguished based on specific structures in their N-glycan profiles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. PLSDA classification of serous ovarian and peritoneal cancers using leave-out-one cross 

validation for Discriminant 1. PLSDA-derived statistical analysis was applied and the statistical model 

was validated using leave-one-out-cross-validation which resulted in the overall classification accuracy of 

78.57 % (p = 0.00186) for serous cancers (ovarian: n=14; peritoneal: n=14). In total, 11 out of 14 serous 

cancers were correctly classified for each serous cancer group based on their individual N-glycan profiles. 

Samples marked with # were incorrectly classified. Red circles: OV-serous ovarian cancer (n=14); green 

squares: PT-serous peritoneal cancer (n=14) 
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Sialylated LacdiNAc-type N-glycans distinguish between serous cancers of the ovary 

and peritoneum 

As with most biomarker-associated studies, the choice of statistical tools employed in this 

study was a crucial factor in determining the diagnostic potential of glycan biomarkers in 

differentiating between the three serous cancer types (Hanley and McNeil, 1982; Ringner, 

2008). Hence, the Receiver Operating Characteristics (ROC) and corresponding area-under 

the curve (AUC) values were calculated as a measure of classification potential for each 

glycan. Other mass spectrometric-based ovarian cancer studies have demonstrated the use of 

ROC values as an effective diagnostic tool, particularly for evaluating discriminatory 

glycans in healthy vs. diseased conditions as well as between pre- and post-cancer 

treatments (Alley, Vasseur et. al., 2012; Hua, Williams et. al., 2013; Mitra, Alley et. al., 2013). 

In this test, ROC curves were generated for N- and O-glycan relative ion intensities that 

were significantly altered (p < 0.05) and the resulting area-under-the curve (AUC) was used 

as an indicator of the test’s accuracy. Typically, these AUC values can range from 0 to 1, 

with 0 corresponding to an accurate negative test and 1 representing a perfectly accurate or 

positive test (Bewick, Cheek et. al., 2004). By using recommendations from previous studies 

(Alley, Vasseur et. al., 2012), the following rankings were designated as a) ‘highly accurate’ 

(0.9 < AUC < 1.0 or 0 < AUC < 0.1), b) ‘accurate’ (0.8 < AUC < 0.9 or 0.1 < AUC < 0.2), c) 

‘moderately accurate’ (0.7 < AUC < 0.8 or 0.2 < AUC < 0.3) and d) ‘uninformative’ (0.5 < AUC 

< 0.7 or 0.3 < AUC < 0.5). Examples of ROC curves generated for specific N-glycans with 

respect to their discriminatory potential are shown in Supplementary Figure 1. The 

statistical comparisons displaying favourable correlations with AUC values for potential N- 

and O-glycan ‘biomarkers’ based on the respective Discriminants are listed in Table 3. 

Several N- and O-glycans, specifically those containing the unusual LacdiNAc sequence 

(GalNAcβ1-4GlcNAc) were found to be implicated in the distinction between the serous 

tumours. For Discriminant 1 (diagnosis) (Table 3A), the biomarker potential of LacdiNAc 

N-glycan with m/z 1205.02- (AUC: 0.929) was considered as ‘highly accurate’ while the two 

other N-glycans with m/z 1059.42- (AUC: 0.825) and 1079.92- (AUC: 0.805) were ‘accurate’ 

biomarkers, thereby distinguishing serous ovarian from serous peritoneal cancers. The 

hybrid-type N-glycan with m/z 937.32- was shown to be classified as ‘accurate’ (AUC: 0.890) 

and ‘highly accurate’ (AUC: 1.0) for the discrimination of serous ovarian cancer and serous 

tubal cancers, respectively, from serous peritoneal cancers. On the other hand, the sulphated 

Core 2 O-glycan with m/z 705.22- appeared to discriminate serous tubal cancers from serous 

ovarian and peritoneal cancers and was classified as ‘moderately accurate’ (AUC: 0.268; 

AUC: 0.250). For Discriminant 2 (tissue source) (Table 3B), the same LacdiNAc N-glycans 
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(m/z 1205.02- and m/z 1059.42-) which were found to be significantly diagnostic for serous 

ovarian cancer (Discriminant 1) were also associated with ovarian cancer tissue origin and 

considered as ‘highly accurate’ and ‘accurate’ with AUC values of 0.951 and 0.902, 

respectively. In peritoneal/omentum-derived serous cancer tissues, structures such as the 

bisecting-GlcNAc type (m/z 994.92-) and sialylated Core 2 O-glycan (m/z 1331.52-) were 

classified as ‘accurate‘ glycan biomarkers as indicated by their AUC values of 0.182 and 

0.177, respectively, thereby discriminating peritoneal cancer tissues from ovarian tissues. 
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3.3 Discussion 

 

High-grade serous cancers derived from the ovary, fallopian tube and peritoneum represent 

a group of highly aggressive cancers which exhibit remarkable homogeneity, both in their 

morphology and clinical behaviour (Kurman and Shih Ie, 2008; Kurman and Shih Ie, 2010). 

From a clinical perspective, these cancers are diagnosed and treated identically (Ozols, 

2002a; Ozols, 2002b), despite their distinct anatomic sites and genetic origins. The difficulty 

in identifying the site of origin at the time of clinical diagnosis remains a challenge, 

particularly due to their wide-spread dissemination at early stages and lack of reliable 

diagnostic biomarkers. The discrimination of these cancers at an early stage, therefore, is 

important, not just to facilitate the development of personalised treatment, but also to offer 

the possibility of bilateral oophorectomy salpingectomy (removal of ovaries and tubes) as a 

means of primary prevention for high risk patients. In the pursuit of discovering novel 

approaches to diagnosing this diverse group of serous cancers, the field of glycomics has 

become increasingly investigated for its potential to unravel tumour-specific glycans which 

are associated with the cell surface of ovarian cancer cells (Dennis, 1991; Drake, Cho et. al., 

2010). Here, in this study, N- and O-glycans were analysed from serous cancers using the 

glycomic profiling strategy which has been successfully employed in recent glycan 

biomarker studies (Alley, Vasseur et. al., 2012; Biskup, Braicu et. al., 2013; Kim, Ruhaak et. al., 

2014). Specifically, the total membrane protein glycans were released and subjected to a 

rigorous, structural MS-based characterization of glycans, including the identification of 

specific isomeric structures that present different terminal epitopes. In addition, various 

statistical methods were applied to assess the diagnostic performance of these glycans which 

subsequently led to the identification of discriminatory N- and O-glycan features between 

the serous cancer groups. 

To the best of our knowledge, comparative glycan profiling of high grade pelvic serous 

carcinomas has not been performed before. The specific cellular glycosylation and 

phenotypic alterations that occur as a result of molecular genetic mutations are unknown, 

particularly for these serous cancers. As opposed to ovarian cancers which have been 

extensively studied and characterized by high levels of genetic instability and frequent 

mutations of the tumour suppressor gene, TP53 (Folkins, Jarboe et. al., 2008; Kurman and 

Shih Ie, 2011), serous fallopian tube and primary serous peritoneal cancers have been less 

frequently investigated (Jordan, Green et. al., 2008; Nik, Vang et. al., 2014). This group of 

serous cancers, however, are thought to share a common aetiology based on their close 

histological and clinical similarities (Kessler, Fotopoulou et. al., 2013). It is therefore not 
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surprising that this close association between the three serous cancers was also reflected in 

their membrane protein N- and O-glycomic profiles, as evidenced broadly by the similar 

abundances when grouped into glycan types (high mannose, hybrid and complex). 

Interestingly, the most prominent feature of the N-glycosylation was the abundant 

expression of mono- and di-sialylated bi-antennary glycans, with more than 50 % of the total 

N-glycans comprising these sialylated structures in all three serous cancer tissues. Similarly, 

for O-glycans, mono- and di-sialylated Core 1 and Core 2 structures also represented the 

major glycans for all three serous cancer tissues. A similar observation of the increase in 

sialylation has also been reflected in a recent sera-based study by Hua et. al.(2013), in which 

mono- and di-sialylated bi-antennary N-glycans were found to be significantly increased on 

ovarian cancer patients’ plasma proteins (Hua, Williams et. al., 2013). Interestingly, a 

majority of the mono and di-sialylated N-glycans analyzed in this study which appeared to 

be implicated in serous cancers, contained mostly α2-6-linked sialic acids. This observation 

is consistent with some of the previous observations in ovarian cancer serum glycoproteins 

(Saldova, Wormald et. al., 2008) as well as in ovarian cancer cell lines (Chapter 2, published 

as Anugraham et. al.) (Anugraham, Jacob et. al., 2014). Of all the glycosylation forms, the 

over-expression of sialylated antigens on cancer cell membranes has been widely 

investigated , particularly in the event of metastasis which involves a multi-step series of cell 

adhesion and signalling events (Zhang, Zhang et. al., 2002; Casey, Oegema et. al., 2003; 

Seales, Jurado et. al., 2005). In fact, it has been shown that hypersialylation of the integral 

membrane glycoprotein, β1 Integrin, conferred a more metastatic phenotype to ovarian 

cancer cells (Christie, Shaikh et. al., 2008), consistent with previous observations from other 

cancers such as in breast (Lin, Kemmner et. al., 2002) and colon (Seales, Jurado et. al., 2005). 

These findings, together with the extensive display of cell membrane sialylation identified in 

this study in all three serous cancers, suggest the potential involvement of these antigens in 

the early dissemination of tumour cells via metastasis.  

Another characteristic feature that was common in all of the three serous cancer groups was 

the relatively low abundant levels of bisecting N-acetylglucosamine on some of the complex 

neutral and sialylated N-glycans. The bisecting GlcNAc is a unique modification which 

occurs on hybrid and complex N-glycans and is catalyzed by β1-4 N-acetylglucosaminyl 

transferase (GlcNAcT-III), by the expression of the MGAT3 gene (Narasimhan, 1982). In 

recent years, however, the conflicting ‘yin’ and ‘yang’ roles of bisected N-glycans on cell 

surface glycoproteins have been noted in cancer, with studies indicating varying effects on 

tumour progression and metastasis in various cancers (Song, Aglipay et. al., 2010; Kang, 

Wang et. al., 2012; Miwa, Song et. al., 2012). For instance, on mammary tissue membrane 
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glycoproteins, bisecting GlcNAc serves to protect mammary epithelial cells from tumour 

progression (Song, Aglipay et. al., 2010), while in other cancers such as in hepatocellular 

carcinomas, the overexpression of MGAT3 has been shown to be associated with higher 

metastatic potential (Kang, Wang et. al., 2012). In ovarian cancer, however, GlcNAcT-III 

expression is thought to be play an important role in the maintenance of cell-cell adhesion 

via the cell surface glycosylation of E-cadherin (Abbott, Lim et. al., 2010). Another possible 

role for these N-glycans in facilitating early stage peritoneal dissemination of ovarian cancer 

has also been suggested in a recent study involving the use of serous ovarian cancer cell line 

(SKOV 3) and its highly metastatic derivative, SKOV 3-ip. Specifically, it was revealed that 

bisecting GlcNAc N-glycans were found to be significantly decreased in the metastatic cell 

line (Zhang, Wang et. al., 2014). It is also worth noting that the regulation of MGAT3 gene 

which lead to the presence of bisecting GlcNAc type N-glycans in several serous ovarian 

cancer cell lines, including  SKOV3 has been shown by us to be influenced by DNA 

hypomethylation (Chapter 2, published as Anugraham et. al.) (Anugraham, Jacob et. al., 

2014). The absence of these structures in non-cancerous ovarian surface epithelial cells 

together with DNA hypermethylation of MGAT3 gene and the low level expression of 

MGAT3 in normal ovaries (Abbott, Nairn et. al., 2008) may partially explain the presence of 

these structures as a feature of all serous cancers in general. 

 

The highlight of this study, however, was the identification of a family of structurally related 

N-glycans containing LacdiNAc and sialylated LacdiNAc motifs, primarily present on 

serous cancers surgically-derived from ovarian tissue (Discriminant 2). Most mammalian 

N-glycans contain LacNac (Galβ1-3/4GlcNAc) antennaes which form bi-antennary or 

branched tri- and tetra-antennary structures that are usually capped by sialylation or 

extended to form poly-LacNAc chains. The less common LacdiNAc disaccharide (GalNAc 

β1-4GlcNAc), is synthesized by the action of specific β4-GalNAc transferases, β4GalNAcT3 

and β4GalNAcT4, and is found to be expressed in various organs of the human body such as 

stomach, colon, ovaries, testes and brain (Sato, Gotoh et. al., 2003; Gotoh, Sato et. al., 2004). 

A few cancer studies have shown that tumour-associated glycoproteins such as secreted 

tissue plasminogen activator from Bowes melanoma cells (Chan, Morris et. al., 1991), 

secreted ribonuclease I from pancreatic tumour cells (Peracaula, Royle et. al., 2003) and 

alpha-fetoprotein (AFP) from hepatic cancer cell lines (Ito, Kuno et. al., 2009) were found to 

contain LacdiNAc type N- and O-glycans. The identification of this motif in serous ovarian 

cancer tissues, facilitated through ESI-MS/MS is consistent with our published cell-line 

based glycosylation model (Chapter 2), in which LacdiNAc-type N-glycans were found to 
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be present on membrane proteins of serous ovarian cancer cell lines, SKOV 3 and IGROV 1 

and not on non-cancerous HOSE ovarian cell line membrane proteins (Anugraham, Jacob et. 

al., 2014). In this tissue-based study, we identified three sialylated LacdiNAc-type N-glycans 

(m/z 1205.02-, m/z 1059.42- and m/z 1079.92-) which were all ranked as ‘highly accurate’, and 

‘accurate’ biomarkers respectively, thereby distinguishing serous ‘ovarian’ cancer from 

serous ‘peritoneal’ and ‘tubal’ cancers. Two of the three LacdiNAc structures (m/z 1205.02- 

and m/z 1059.42-) were also noted to have improved AUC values upon the re-classification 

of diagnosed these serous cancers with respect to their ovarian and peritoneal tissue origin 

(Discriminant 2). It is also interesting to note that these unique structures have never been 

reported in the serum glycans of ovarian cancer (Saldova, Royle et. al., 2007; Alley, Vasseur 

et. al., 2012; Hua, Williams et. al., 2013), possibly due to the low abundance (2.77 % ± 2.00 %) 

of these N-glycan epitopes. At this point in time, it is not clear if, as in the cell line models, 

the LacdiNAc motifs are indeed cancer specific glycan determinants in tissues. Likewise, at 

this stage, it is also not known whether these structures are displayed on a specific 

glycoprotein from serous ovarian cancer tissues or are present as an altered glycan structure 

on many serous ovarian cancer membrane proteins. Nevertheless, it is evident that a closer 

investigation into the specific regulation of the LacdiNAc-type pathway in serous ovarian 

cancer is warranted. Of future interest also is the expression of sialylated LacdiNAc 

structures and of the associated sialyltransferases; N-acetyl-galactosaminide alpha-2,6-

sialyltransferase known to preferentially sialyate GalNAc residues. 

 

In recent years, much interest towards understanding ovarian carcinogenesis has been 

developed due to the dismal survival statistics associated with the late-stage detection of 

ovarian cancer. More specifically, the origin of these serous cancers has been a widely 

debated topic, with accumulating evidence pointing to the fallopian tube as an occult source 

of high grade serous cancers which were previously thought to be of peritoneal or ovarian 

origin (Crum, Drapkin et. al., 2007; Seidman, Zhao et. al., 2011; Erickson, Conner et. al., 

2013). Given the early events in molecular alterations which are thought to arise from the 

tubal epithelium, it is possible to speculate that these cancerous tubal intraepithelial cells 

could have resulted in serous tumours that have evolved to become quite distinct upon 

implantation onto the ovary or peritoneum/omentum. This event could explain why some of 

the serous cancers initially diagnosed as serous tubal cancers (#TB22 and #TB448), were 

clustered with the ovarian-derived cancer tissues based on the PCA analysis for N-glycans 

in Discriminant 2 (tissue source). Although compelling, but inconclusive, it is also evident 

that the discrepancies observed in the PCA cluster analysis for some of the diagnosed 
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samples could potentially indicate that these tumours could have conformed to the various 

metastasized sites, and thus developed a morphology that no longer resembles the primary 

site of tumour origin (e.g. tubal). It would, therefore, have been of interest to more 

confidently characterize the N- and O- glycans of serous ‘tubal’ cancers in this study. 

However, only a small number of clinical samples are ever diagnosed as serous tubal cancers 

(n=4; obtained from both sample cohorts reflect this fact) and only one of these was 

surgically-derived from the tube while the remaining samples were removed from the 

ovaries and omentum. Nevertheless, two of the four diagnosed serous tubal cancers 

displayed the presence of the sulphated and di-sialylated O-glycan structure (m/z 705.22-); 

interestingly, the one sample actually derived from the tube displayed the highest expression 

of this glycan (p < 0.01).  Furthermore, this structure has also been previously observed in 

the ascites’ fluid of serous ovarian cancer patients and was structurally characterized by ESI-

LC-MS/MS (Karlsson and McGuckin, 2012). The sulphation of plasma glycoproteins is 

quite rare (Karlsson and McGuckin, 2012), but the expression of this unique terminal 

epitope in ascitic fluid, reflected by the characterization of a structurally-related sulphated 

O-glycan on the membrane glycoproteins in this study could represent a novel biological 

function and serve as a diagnostic marker for general ovarian cancer detection. 

 

The potential discriminatory N-glycan features implicated in the classification of serous 

ovarian and peritoneal cancers were also assessed and validated using the partial least 

square discriminant analysis (PLSDA) and leave-one-out-cross-validation analysis, 

respectively. Typically, these analyses involve larger and more diverse sample cohorts and 

are useful in the classification of healthy and diseased states, thereby allowing for the 

identification of not just a few, but a panel of specific biomarkers. However, in this study, the 

utilization of this statistical analysis proved to be quite reliable in the differential diagnosis 

of serous ovarian and peritoneal cancers. More importantly, the panel of discriminating 

structures comprising of LacdiNAc N-glycans, as well as a few other structures, that were 

independently identified by ANOVA and AUC, were also found to be implicated in the 

PLSDA classification of serous cancers. Despite an overall classification accuracy of only 

78.57 %, it is remarkable that only a few mis-classifications were observed, given the 

extensive glycan similarities observed for both these serous cancers. Hence, the 

identification of these diagnostic membrane glycan biomarkers further attests to the 

strength of the PLSDA analysis for the distinction and classification of these neoplasms. It is 

worth mentioning that another factor that has not been taken into consideration in this 

study is the extent of metastasis. For instance, two of the mis-classified tissues, PT418 and 
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OV308, were classified by PLSDA as serous ‘ovarian’ and ‘peritoneal’ cancers, respectively 

and these samples were also found to be clustered within the ovarian and peritoneum tissue 

group, respectively using PCA. In the event that the initial diagnosis was true, these 

tumours may have metastasised, thereby displaying glycan features that are representative 

of their respective metastatic sites. Hence, these underlying morphological changes may be 

complicating the clinical diagnosis of late stage serous cancers, as well as the subsequent 

treatment and management of serous cancers.  

It has been previously shown that the similarities between serous peritoneal and serous 

ovarian cancers do not enable a clinical preoperative distinction between both the neoplasms 

(Barda, Menczer et. al., 2004). In fact, in the last decade, up to 18-28 % of serous ovarian 

carcinomas have been re-classified as primary peritoneal cancers, as compared to just 10 % of 

previously mis-diagnosed cases (Eltabbakh, Piver et. al., 1998; Chen, Ruiz et. al., 2003; Quirk 

and Natarajan, 2005). In retrospect, the peritoneal origin of serous cancers by itself remains 

unclear as the normal peritoneum is composed of a layer of mesothelium which forms the 

lining of the abdominal cavity and can undergo malignant transformation to form a tumour 

entirely different from serous peritoneal carcinoma (Seidman, Zhao et. al., 2011). However, 

the serous-type epithelium from which serous peritoneal cancer is thought to be derived, 

positioned just underneath the peritoneal surface, is ciliated and considered identical to that 

of the normal fallopian tube (Halperin, Zehavi et. al., 2001). Surprisingly, a majority of 

fallopian tubes examined from patients with primary peritoneal cancer have been found with 

the presence of serous tubal intraepithelial lesions, thereby giving the tumour cells access to 

the peritoneal cavity (Seidman, Zhao et. al., 2011). If this reasoning is true, the identification 

of glycans such as the bisecting-type (m/z 994.92-, p < 0.002), mono-sialylated N-glycans 

(m/z 1038.92-, p < 0.022; m/z 1221.52-, p < 0.003) and sialylated Core 2 O-glycans  (m/z 

1040.51-,  p < 0.014; m/z 1331.11-, p < 0.002) in serous cancers derived from the peritoneum 

and omentum could potentially discriminate serous peritoneal cancer from serous ovarian 

and tubal cancers.   

To our knowledge, the findings of this study represent the first in-depth MS-based glycan 

structural characterization carried out to identify biomarkers that distinguish between 

serous cancers of various origins, namely the ovary, peritoneum and tube. This study 

provides the additional level of glycan profiling, in the form of the identification of 

compositional and structural isomers, which is required for the determination of low 

abundance discriminatory structures. Despite the prevailing evidence surrounding the 

elusive and silent nature of this ‘killer’ disease, the structural determination of these 

membrane protein glycan biomarkers may hold substantial promise in understanding the 
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complex carcinogenesis process of serous cancers, and potentially aid in the distinction 

between ovarian cancer and other gastro-intestinal tumours which involve the peritoneal 

dissemination of tumour cells. The findings reported here point to increasing evidence that 

specific glycans are indeed tissue specific and can further be exploited for discrimination 

between various serous cancers of differing cellular origin. Furthermore, this study serves as 

an initial clinical validation of the presence of specific glycan determinants such as the 

(sialylated) LacdiNAc-type which have not been reported in membrane proteins of serous 

ovarian cancer tissues to date. It is envisaged that the understanding of the differences in 

specific membrane glycosylation determinants between these serous cancers could provide 

alternative approaches for the disease to be diagnosed and could facilitate the development 

of targeted ovarian cancer therapies. 
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3.4 Supplementary Data  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                   

Figure 1 
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3.5 Overview of Chapter III 

 

 Serous cancers derived from the ovary, peritoneum and tube are diagnosed and treated 

identically, despite their distinct anatomic sites and genetic origins 

 The N-glycan profiles of all three serous cancer groups (ovarian vs. peritoneum vs. tubal 

tissues) are overall similar and mainly associated with abundant mono- and di-sialylated 

bi-antennary N-glycans 

 α2-6 sialylation accounts for more than 50 % of the total sialylation of N-glycans in all 

three serous cancer groups 

 O-glycans for all three serous cancer groups are mainly comprised of sialylated Core 1 

structures  

 Many individual mass signals corresponded to a combination of structural and 

compositional isomers which were further elucidated based on their MS/MS 

fragmentation patterns and LC column retention time 

 Some of the unique structural features (as observed in Chapter II for ovarian cancer cell 

lines) such as the bisecting type N-glycans are present in all three serous cancer groups 

 The presence of low abundant N- and O-glycan structures in all three serous cancer 

groups contained informative structural features that appear to have discriminatory 

potential. For instance, N-glycan structures bearing the unique LacdiNac motif 

(GalNAcβ1-4GlcNAc) and sialylated LacdiNAc (Neu5Ac-GalNAcβ1-4GlcNAc) were 

expressed in majority of serous ovarian cancers but not on peritoneal serous cancers 

 Several statistical tools were used in this study for the evaluation of discriminatory 

glycan features based on the a) type of serous cancer diagnosis-ovarian, peritoneal or 

tubal and  b) location of the tumour (right/left ovary, peritoneum, omentum and tube) 

 Glycan profiles representative of the location from which the specific tumor is derived 

from, regardless of the cancer diagnosis, potentially affords a better discrimination 

potential between serous cancers  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
 

 

Rationale 

Apart from the structural characterisation of membrane proteins in serous 

cancer tissues and cell lines, the glycosylation profiles of membrane 

glycosphingolipids (GSLs) were also investigated to identify specific cancer-

associated glycan structures. The first section of this chapter entails the 

optimisation and development of a new method for the enzymatic release of 

glycans from PVDF-immobilised GSLs and the elucidation of various isobaric 

and isomeric glycans by PGC-LC-ESI-MS/MS. The second section of this 

chapter utilises this method, established for the analysis of glycan-derived 

GSLs, for the identification of P blood group-related and fucosylated /non-

fucosylated Type 1 and Type 2 glycan structures that are implicated in the 

immune recognition by auto-antibodies present in ovarian cancer patients’ 

plasma. 
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4.0 Publication III: A platform for the structural characterization of glycans 

enzymatically released from glycosphingolipids extracted from tissue and cells 
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4.1 Supplementary Data 
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4.2 Overview of Chapter IV: Publication III 

 

 Apart from membrane protein glycosylation, glycosphingolipids (GSLs) represent an 

important class of glycoconjugates that are highly diverse due to structural 

heterogeneity exhibited in both their glycan and lipid moieties 

 The isolation of glycans from GSLs extracted from ovarian cancer tissues and cells in 

this study was accomplished using Endoglycoceramidase II, an enzyme that specifically 

cleaves the Glc residue from the ceramide portion of the lipid 

 This enzyme has a broad-based recognition of specific core GSL glycans (ganglio and 

isoglobo series) but displays limited specificities for certain GSL glycans (eg. globo 

series) 

 Using a PVDF-based immobilization of GSLs, the limited specificities of the enzyme was 

overcome, thereby allowing various glycans from core GSLs to be enzymatically 

released directly from the PVDF surface. 

 This technique not only allows for the isolation of various glycans from ganglio, globo, 

neo-lacto and isoglobo GSL series, but also requires substantially lower amounts of 

enzyme concentration to be used. 

 Several PGC-LC-resolved isomeric GSL-derived glycans were isolated from both serous 

cancer tissues and IGROV1 cell line and characterized using negative ion mode MS/MS 

diagnostic fragment ions.  

 Typical fragmentation patterns observed in negative ion mode for glycans with terminal 

fucosylation (H antigen and Lewis-type) and Type1/2 linkages were successfully 

characterized using a combination of standards and previous diagnostic ions reported in 

literature 
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4.3 Publication IV: The glycosphingolipid P1 is an ovarian cancer-associated 

carbohydrate antigen involved in migration 
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4.4 Supplementary Information 
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4.5 Supplementary Data 
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4.6 Overview of Chapter IV: Publication IV

 Naturally circulating, plasma-derived anti-glycan antibodies (AGA) to glycans have 

been previously shown to significantly discriminate between ovarian cancer patients 

and healthy women using printed glycan array (PGA) 

 In this study, a second independent patient cohort validated using suspension array 

revealed that the discrimination of cancer patients is mediated by the IgM class of 

anti-glycan antibodies 

 Specifically, these IgM class of anti-glycan antibodies recognized the P1 antigen, a 

GSL-deried glycan which comprises of the globo series GSLs 

 The presence of GSL-derived glycan structures bearing the P1 glycan motif and  its 

structurally related counterparts (P and Pk) on ovarian cancer tissues and cell line 

was also detected using mass spectrometry (using method established in Publication 

III) and flow cytometry-based  inhibition assay 

 It is also shown that human naturally circulating and affinity-purified anti-P1 IgM 

isolated from patients ascites can bind to naturally expressed P1 on the cell surface of 

ovarian cancer cells 

 Using IGROV1 as a cell line model, two study subpopulations (P1-high and P1-low) 

were investigated for their role in cell migration, in which cells expressing high P1-

levels were found to migrate significantly faster than those with low P1-levels 
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5.0 Thesis Overview 

 

Serous epithelial cancers of ovarian, peritoneal and tubal origin are collectively regarded as a 

single disease, given their close histological and clinical similarities and are treated 

identically with maximal cytoreductive surgery and platinum-based chemotherapy. From a 

genetic perspective, these serous tumours display high levels of chromosomal instability and 

are mostly characterised by TP53 gene mutations. Despite significant efforts that have been 

made in recent years to improve early detection and to understand the complex association 

between these cancers, five-year survival rates for this heterogeneous disease has remained 

at only     20 % for the last 50 years, the lowest among all gynaecological cancers. Perhaps, 

the most promising evidence-based hypothesis that has recently gained momentum and will 

likely have important implications for the future detection, prevention and therapy in serous 

cancers is the significant role of the fallopian tube in the early development of pelvic serous 

cancers. This important discovery is synonymous to the missing ‘piece’ of the jigsaw puzzle 

that surrounds the elusive nature of this asymptomatic disease, which has, for years, 

traditionally been thought to arise from the ovaries. Nevertheless, with respect to this 

discovery, many other questions pertaining to the development and degree to which these 

tumours differ, is far from clear, pointing to the need for detailed characterisation of these 

malignant tumours to accurately diagnose their distinct entities and predict the progression 

of  these cancers, with respect to their clinical management and survival outcomes. 

In the pursuit of identifying truly informative ‘molecular’ markers that have diagnostic or 

therapeutic implications for the early detection and treatment of this deadly disease, omics-

based technologies such as glycomics have the potential to explore beyond the 

morphological and genetic constituents defining serous cancers of the ovary, peritoneum and 

fallopian tube. Glycans are structurally diverse hydrophilic molecules which have been 

implicated in many diseases including cancer and can act as promising candidates for the 

development of biomarkers and the design of novel therapeutics. The primary focus of this 

study, therefore, has been the detailed structural investigation of N- and O- glycans of 

membrane proteins of a number of serous ovarian cancer and non-cancerous cell lines and 

serous cancer tissues of the ovary, peritoneum and fallopian tube. Specifically, this study is 

centred upon the establishment of a preliminary cell line-based glycosylation model that 

identified the differential expression of membrane glycans that are characteristic of serous 

ovarian cancers, and relates to the expression and the regulation of specific 

glycosyltransferase genes implicated in the membrane glycosylation. Specific glycosylation 

features identified using this model were then subsequently verified using biological serous 
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cancer tissues, yielding both the same ovarian cancer-associated structures, as well as other 

N- and O-glycan structural features which could distinguish between serous ovarian, 

peritoneal and tubal cancers. Apart from the structural elucidation of ovarian cancer 

membrane protein glycosylation, this thesis also explores the less investigated glycosylated 

structural motifs of glycosphingolipids derived from selected serous cancer samples which 

had been implicated by the immune recognition of these motifs by specific auto-antibodies in 

ovarian cancer patients serum. The detection and characterisation of these biologically 

relevant glycans, both from membrane glycoproteins and glycosphingolipids, therefore, 

build upon the existing knowledge and understanding of serous cancers, in the context of 

their specific glycosylation status.  

5.1 Methodology and Analytical Considerations 

 

Mass spectrometry provides an alternative approach for the discovery and 

discrimination of biologically and clinically relevant glycans 

As opposed to the application of conventional detection methods such as lectins or 

immunohistochemistry to identify specific glycan features on cell membrane proteins, the 

elucidation of glycan structures by the use of tandem mass spectrometry unravels the 

possibility of discovering novel branching patterns or linkages of glycan structures on 

specific glycoconjugates which are representative of various forms of diseases. For instance, 

as evidenced in this study, the heterogeneity of glycan structures arising from the 

differential biosynthetic pathway of glycans in cancer cells and tissues was described for 

both glycoproteins and glycolipids. Besides that, the presentation of different glycan 

epitopes on both N-, O-glycans of glycoproteins and glycolipids were also distinguished. To 

date, there are limitations of other methods to discriminate between specific glycan 

determinants. For example, monoclonal antibodies directed towards Lewis X or sialyl Lewis 

A structures are not able to distinguish which specific glycoconjugates carry these epitopes 

(Cummings and Etzler, 2009). Likewise, the identification of sulphate modifications on both 

N- and O-glycans observed in this study could not have possibly been characterised by the 

use of commercial lectins or monoclonal antibodies since they are not readily available for 

the identification of these specific glycan determinants. More importantly, PGC-LC-ESI-

MS/MS afforded the rapid detection and characterisation of structures in the serous cancer 

tissue samples based on the prior characterisation of N- and O-glycans on the membrane 

proteins of ovarian cancer cell lines, in regard to their specific glycan masses, retention time 

differences on PGC and MS2 fragmentation patterns. This workflow, together with the 

accumulated knowledge of chromatographic retention order and negative ion fragmentation 
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of glycans  established in our laboratory (Everest-Dass, Abrahams et. al., 2013; Everest-

Dass, Kolarich et. al., 2013) and made available in UniCarb-KB (Campbell, Peterson et. al., 

2013), eliminated the need for orthogonal-based confirmatory approaches such as sequential 

enzymatic digestion. The structural elucidation of glycosphingolipid-derived glycans, 

however, was more challenging, mainly due to the lack of structural-based studies 

performed in the negative ion mode and curated, structural databases containing 

biologically-possible lipid-derived glycans. Nevertheless, the use of informative tandem mass 

spectra at MS2 level, using the similar fragmentation pathways occurring to protein-derived 

glycans, sufficiently characterised various fucosylated and sialylated glycan motifs and 

residue linkages of the glycolipids.  

Differential procedures of membrane extraction of glycoproteins may result in 

selective detection of specific glycan epitopes 

The N- and O-glycans investigated in this study were isolated from total membrane 

fractions or microsomes of the ovarian cancer cells and tissues. The membrane protein 

extraction process employed in this study involved the use of ultracentrifugation and 

Triton-X114 phase partitioning which has been previously optimised for the isolation of 

membrane proteins (Lee, Kolarich et. al., 2009). The N- and O-glycan microheterogeneity 

described in this study, therefore, although partly a result of aberrant expression of enzymes 

in ovarian cancer, is also representative of various subcellular membrane fractions contained 

in this membrane preparation which include plasma membranes as well as membranes of the 

Golgi, ER and endosomes. A recent study has shown that extracted microsomes of various 

breast cancer cell lines contain a high proportion of ER-residing proteins that were found to 

display high mannose-type N-glycans (Lee, Lin et. al., 2014). This observation is consistent 

with the significant increase of immature, unprocessed high mannose type N-glycans 

observed across all four ovarian cancer cell lines analysed in this study. Specifically, 34 to 48 

% of N-glycans from ovarian cancer cell lines were composed of Man8-9GlcNAc2 N-glycans, 

thereby comprising the majority glycans identified in these cell lines as compared to 9.42 - 

11.59 % of N-glycans observed in the serous cancer tissues. This is perhaps, not surprising 

as various glycosylation studies have noted the elevated expression of these high mannose 

glycans in cultured cells. Interestingly, a previous study on the use of media such as RPMI 

was found to  influence the glycosylation of CHO cells producing IFN-γ by altering the 

intracellular nucleotide and nucleotide sugar contents (Kochanowski, Blanchard et. al., 2008). 

Specifically, the increase in intracellular GDP-man corresponded with changes in IFN- γ 

glycosylation patterns. It is therefore unclear, if the presence of high mannose structures 

represents a common feature of cell lines in general. 
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5.2 Biological Insights Derived From Membrane Glycosylation of Serous Cancers 

 

An overview of the major findings based on the biological significance and relevant clinical 

implications of this in-depth, glyco-explorative study is described below, highlighting 

specific relevance to previously published findings. 

a) Ovarian cancer cell lines retain some, but not all serous cancer glycan features 

observed in serous cancer tissues 

The preliminary investigation of N-glycans, as demonstrated using the cell line model, 

revealed the unique presence of bisecting-type N-glycans in all four of the serous ovarian 

cancer cell lines analysed (Chapter 2). These structures were not found to be present in the 

non-cancerous ovarian epithelium cells. Likewise, increase in α2-6 sialylation was also 

observed for the cancer cell lines as compared to the non-cancerous cells. These 

characteristic glycan features were reflected consistently throughout the entire 

glycosylation analysis of all serous ovarian, peritoneal and tubal cancer tissues (Chapter 3). 

In fact, several forms of bisecting-type structures were present in the tissue samples, while 

the overall sialylation, displaying increased α2-6 sialylation, was the most prominent feature 

in all three serous cancers.  

For decades, experimental ovarian cancer in-vitro models have provided researchers with an 

avenue for investigating numerous molecular processes governing the development of 

ovarian tumours. Despite underlying limitations of using continuously laboratory grown 

cell cultures, the specific glycan features mentioned above that were observed in cell lines 

and validated in clinically derived tissue samples indicate that these glycomic changes are 

cancer-relevant.  More importantly, the cell-based system established in this study also 

permitted the correlation with the corresponding glycosyltransferase gene expression, 

MGAT3 and ST6GALI, that code for the enzymes responsible for the addition of bisecting-

type N-glycans and α2-6 sialylation (Chapter 2). This subsequently led to the observation 

that MGAT3 gene expression, was epigenetically regulated with its absence in non-

cancerous ovarian cell lines being due to DNA hypermethylation. The expression of 

bisecting structures in cancer cell lines, and the gene regulation of the synthetic enzyme by 

DNA hypomethylation, warrants a closer investigation as to why this gene remains 

expressed, thus leading to the synthesis of these bisecting type N-glycan structures in 

serous cancers. This is the first evidence of characterization of bisecting GlcNAc on the 

membrane proteins of serous cancer tissues of ovary, peritoneum and tubal origin, apart 

from the previous lectin-based identification of bisecting GlcNAc glycosylation on proteins 
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of mucinous ovarian cancer tissues (Abbott, Lim et. al., 2010), indicating that their specific 

presence could also be a common feature of serous cancers, regardless of their origin. 

Nevertheless, as expected, there were also instances in which the expression of certain 

glycan structures in the serous cancer tissues were not represented in the serous cancer cell 

lines. For example, the sulphated N- and O-glycans identified in some of the tissue samples 

(Chapter 3), at varying intensities, were not identified in any of the cell lines investigated. 

 

b) N-glycans bearing LacdiNAc motifs differentiate serous ovarian cancers from 

serous peritoneal cancer 

The non-reducing terminal GalNAc𝛽1-4GlcNAc (LacdiNAc or LDN) disaccharide which 

occurs in N- and O-glycans has been widely considered as a rare motif and has been found 

only on selected mammalian glycoproteins such as the bovine pituitary hormones. In regard 

to their expression in cancer, a few studies have shown that the regulation of this 

disaccharide expression is tumour-dependent and has been previously isolated from prostate 

(LNCaP) (Peracaula, Tabarés et. al., 2003), pancreatic (Capan-1) (Peracaula, Royle et. al., 

2003) and ovarian cancer cell lines (RMG-1 and SKOV 3) (Machado, Kandzia et. al., 2011; 

Yu, Chang et. al., 2013).  In this study, this unique glycan structural feature was found to be 

expressed on membrane N-glycoproteins of two of the four serous ovarian cancer cell lines 

analysed and not on the non-cancerous ovarian cell lines. The corresponding increase in 

gene expression for the enzyme responsible for the addition of the N-acetylgalactosamine 

residue was also investigated, in which B4GALNT3 was found to be significantly increased 

in the ovarian cancer cell lines as compared to the non-cancerous cells. Interestingly, the 

expression of LacdiNAc on β1 integrin has been implicated in the suppression of tumour 

growth for neuroblastoma (Hsu, Che et. al., 2011), while the expression of B4GALNT3 and 

B4GALNT4 were found to be implicated in tumour progression of colon (Huang, Liang et. 

al., 2007) and prostate cancers, respectively (Fukushima, Satoh et. al., 2010). 

The ability of cell lines to retain glycans features that may potentially be cancer-specific was 

once again demonstrated through the validation of these LacdiNAc N-glycan structures on 

the membrane glycoproteins of serous cancer tissue samples which have not been previously 

reported. More specifically, their expression was limited to the serous cancer tissues that 

were diagnosed as serous ovarian cancer. This finding was also verified to be significant by 

independent statistical ANOVA and ROC analyses. It is also interesting to note that 

specifically, the sialylated biantennary N-glycan bearing LacdiNAc and LacNAc motifs      
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(m/z 1205.02-) was consistently present in most of the ovarian cancer tissue samples and was 

classified as a highly accurate biomarker of cancer of ovarian origin. This structure, together 

with other related LacdiNAc-type N-glycans were also able to accurately differentiate 

between serous ovarian and peritoneal cancers based on the PLSDA analysis. The sialylated 

LacdiNAc structure was also observed in both the serous ovarian cancer cell lines, SKOV 3 

and IGROV 1 while fucosylated LacdiNAc motifs were found only in IGROV1 cell lines. A 

previous study by Dell, A. et. al., (1995) showed that glycodelin, a human glycoprotein, also 

known as placental protein 14 (PP14) or progesterone-associated endometrial protein 

(PAEP), was extensively glycosylated with complex N-glycans which displayed sialylated 

and fucosylated LacdiNAc motifs. The increased expression of glycodelin has also been 

found in several carcinomas such as serous ovarian (Mandelin, Lassus et. al., 2003), 

endometrioid ovarian (Lenhard, Heublein et. al., 2013) and breast (Shabani, Mylonas et. al., 

2005) cancers in which its role in these cancers remains unknown. Although the membrane 

proteins carrying these LacdiNAc N-glycans were not identified in our study, the work 

presents the first comparative analysis of glycan structures on membrane proteins of pelvic 

serous cancers and depicts the presence of these LacdiNAc structures exclusively on serous 

ovarian cancers.  

c) Glycoproteins and glycosphingolipid-derived glycosylation of ovarian tumours 

exhibit unique glycan motifs that are potentially antigenic  

Apart from the characterization of N- and O-glycans from serous cancer tissues and cell 

lines, glycosphingolipid (GSL)-derived glycans were also isolated and characterized from 

selected tissue samples as an initiative to validate some of the research work established by 

our collaborator in the gynaecological cancer group in Basel, Switzerland. The researchers 

from this group have previously observed significantly lower levels of auto-antibodies, 

specifically anti-IgMs, in plasma from non-mucinous ovarian cancer patients, as compared to 

healthy controls using printed glycan arrays (Jacob, Goldstein et. al., 2012). One of the 

reasons speculated to account for this observation was that circulating auto-antibodies 

against the cancer may potentially be bound to the corresponding glycan antigen on the 

tumour surface, thus resulting in lesser, free-floating anti-glycan IgM antibodies in the 

blood plasma. Some of the glycan sub-structures recognised by the plasma IgMs were found 

to consist of the chitobiose core (GlcNAcβ1-4GlcNAcβ-Asn) present on N-glycoproteins 

and globo-series Pk (Galα1-4Galβ1-4Glcβ1) and P1 (Galα1-4Galβ1-4GlcNAcβ1) terminal 

motifs which are primarily found on glycolipids. In addition, several other terminal sub-

structures recognised by the plasma IgM auto-antibodies were found to consist of sulphated  
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(Neu5Acα2-3Galβ1-4-(6-Su)GlcNAcβ, Neu5Acα2-3Galβ1–3-(6-Su)GalNAcα) and Type 2 

chains (Galβ1-4 GlcNAc β1-6Galβ1-4GlcNAcβ) which were also identified in this thesis to 

be present on the membrane protein N- and O-glycans (Chapter 2) and glycolipids 

(Chapter 4), respectively, of serous cancer tissues. 

The P-blood group-related antigens (Pk, P1 and P) were not found to be present on the 

membrane N- and O-glycoproteins of all the serous cancer samples investigated in our 

study. The presence of these structures, however, was validated and structurally 

characterised in two cancer tissue samples, while only the P1 antigen was detected in the 

IGROV1 cells (Chapter 4). It is important to note that the structural motifs on the printed 

glycan array, although developed primarily based on diverse glycans such as blood group 

antigens, pathogen-related glycans and well-known tumour associated antigens, may not 

truly reflect the spectrum of glycans implicated in ovarian cancer specifically and the auto-

antibodies may have wide specificities (Oyelaran and Gildersleeve, 2009). This was 

substantiated in our study where the ascites-derived anti-P1 antibodies were shown to 

recognise other structures such as the H Type 1 and Type 2 structures which were also 

detected in GSL-derived glycans analysed in this study. Nevertheless, as demonstrated in 

this study, we have shown that the identification of specific glycan structures on proteins 

and lipids derived from ovarian tumour cell lines and tissue samples can be useful for the 

development of functional, curated arrays that are cancer-relevant with respect to specific 

isomeric and linkage specifications. Potentially, these arrays subsequently can be used for 

the diagnosis of these cancer specific auto-antibodies in patient plasma. 

d) Glycoproteins and glycosphingolipid-derived glycosylation of ovarian tumours are 

differentially expressed 

The heterogeneity of glycans displayed on various forms of glycoconjugates, although 

fascinating, reflects on the broader significance of their specific roles in regard to tumour 

development and progression. Glycolipids, for instance, differ significantly from 

glycoproteins, based on the different glycan core structures that are synthesised such as the 

ganglio-, globo-, neolacto-series. Whilst cancer-specific expression in regards to their 

specific cores were detected and characterised in this study, the differential expression of 

unique terminal glycan motifs observed between the membrane glycoproteins and 

glycolipids of a single serous ovarian cancer tissue (e.g. S565) and cell line (e.g. IGROV 1) 

was quite intriguing. For example, the glycoproteins of S565 comprised of mostly sialylated 

LacNAc structures, while the membrane glycolipid from the same tissue was dominated by 

the neo-lacto Type 2 tetrasaccharides and H Type 2 mono-fucosylated tetrasaccharides. 
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Interestingly, the H Type 2 antigen (Fucα1-2Galβ1-4GlcNAcβ1-3Galβ1-4Glc), is also a 

precursor of the Lewis Y antigen bearing (Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-

4Glc). Both of these antigens (H Type 2 and Lewis Y) have been previously identified using 

immunohistochemistry to be exclusively expressed in the serous and endometrioid cancer 

subtypes and not on the mucinous subtype (Federici, Kudryashov et. al., 1999).  

Similarly, the H Type 1 epitope which was also observed on glycolipids of S565 ovarian 

cancer tissue, together with H Type 2 epitopes, are precursors of blood group A and B and 

the progressive loss of these blood group antigens in tumours of advanced stages has been 

observed in ovarian cancer (Metoki, Kakudo et. al., 1989; Welshinger, Finstad et. al., 1996). 

The loss of blood group antigens has also been associated with bad prognosis in cancers 

such as lung (Lee, Ro et. al., 1991; Matsumoto, Muramatsu et. al., 1993), head and neck 

(Wolf, Carey et. al., 1990) and bladder (Malmstrom, Busch et. al., 1988). It is therefore 

evident that the differential expression of specific glycoforms on serous cancer membrane 

glycoconjugates, as demonstrated in this study can be exploited not just for diagnosis, but 

also to monitor disease progression. While the profiling of glycan-GSL of all the ovarian 

cancer cell lines and tissues was beyond the primary scope of this study, the investigation of 

these structures is warranted to fully understand why some motifs are more closely 

associated glycolipids as opposed to glycoproteins. This apparent discrepancy has also been 

recently observed in colon cancer, in which sulphated glycans were found to be decreased in 

the GSL-derived glycans, while an increase in sulphation was observed on the N-glycans, 

thereby adding to the complexity of tumorigenesis and the potential role of these glycans in 

adaptive strategies such as host immune evasion (Holst, Stavenhagen et. al., 2013). 
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5.3 Translational (‘bench-to bedside’) Implications for Ovarian Cancer Research 

 

One of the most prevailing questions pertaining to the discovery of specific glycans 

associated with cancer, perhaps, is their potential utility in the clinic, not just for early 

detection and diagnosis, but also to provide appropriate treatments for the disease. The post-

genomic era has undoubtedly opened the door to a wide range of omics-based technologies 

which have the capacity to be incorporated into current clinical research to deliver more 

effective screening and targeted treatments. The past two decades have brought about the 

identification of over 200 potential biomarkers for ovarian cancer, of which only a few have 

been successfully validated using clinical samples. Likewise, more than half of the 137 gene 

mutations reported for ovarian cancer have been derived from one single cell line or tumour 

sample (Suh, Park et. al., 2010). The strength of this study is therefore centred on the 

identification and characterisation of unique glycan structures that have also been validated 

at a membrane tissue level using serous cancer samples that are linked with clinically 

accurate data.  

Some of the discriminatory glycan structures (eg. LacdiNAc) reported in this study, 

however, have not yet been identified in bodily fluids such as plasma, urine or saliva and 

could potentially be translated into diagnostic biomarkers which could be detected using 

minimally-invasive methods. In fact, recent studies have shown that O-glycans bearing 

various sulphated and fucosylated forms have been detected in ovarian cancer ascites fluid 

(Karlsson and McGuckin, 2012) while N-glycans have been reported to be differentially 

expressed in ovarian cancer patients’ sera (Alley, Vasseur et. al., 2012). The identification of 

these glycans in bodily fluids of patients indicates that their presence is not only reflective of 

an individual’s state of health, but also useful as diagnostic and prognostic biological 

indicators of ovarian cancer (Saldova, Royle et. al., 2007).  One notable example is the clinical 

utility of glycans in liver cancer, whereby the changes in the glycosylation profile of alpha-

fetoprotein (AFP-L3), a serum glycoprotein, have been used to distinguish hepatocellular 

carcinoma (HCC) from chronic liver disease (Kim, Kim et. al., 2014). Besides that, the 

detection of these structures on tissues also offers the ability to use imaging techniques such 

as mass spectrometry-based tools that are currently being developed (Gustafsson, Oehler et. 

al., 2011). In addition, the identification of these glycans, combined with the knowledge of 

interacting anti-glycan auto-antibodies could lead to the development of molecular 

diagnostic assays which could effectively distinguish between serous cancer origins. Owing 

to the heterogeneity displayed in the membrane lipid and protein glycan profiles of serous 

ovarian cancers, it is envisioned that a panel of candidate glycan biomarkers together with 
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the corresponding genes identified in this study, could be further developed and validated on 

a larger number of bio-specimens and result in personalised targets that are directly 

associated with the molecular profiles of individual ovarian cancers. 

 

5.4 Future Directions/ Suggestions 

 

In line with the objective of discovering a combination of serous cancer-specific biomarkers 

(proteins, glycans and genes) for early detection, diagnosis and disease progression 

monitoring, the following future work is proposed as a continuation from this thesis. 

 Comparison of membrane glycoconjugates from non-cancerous surface epithelial 

tissues derived from the fallopian tube and ovaries, with the observed ovarian cancer 

changes 

 Further investigation of the gene regulatory mechanisms associated with the 

expression of the corresponding glycosyltransferase genes in serous cancers 

 Identification of membrane proteins from serous ovarian cancer tissues that 

specifically carry the unique LacdiNAc N- glycans observed 

 Characterisation of intact glycolipids in serous cancer tissues to determine any 

structural changes in the lipid component  

 Purification of anti-glycan auto-antibodies from serum and validation of binding to 

specific glycans implicated in ovarian cancer by this study 

 Development of a plasma-based test to quantify the auto-antibody levels using the 

ovarian cancer-specific glycan structures 

 Site-specific glycoproteomics analysis to define the glycosylation sites of membrane 

proteins and their microheterogeneity 

 Investigation of membrane protein and lipid glycosylation from a larger cohort of 

cancer tissue samples derived from various anatomic sites as well as benign tumour 

samples 
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Table 1: FIGO staging in PFTSC 
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Table 2: FIGO staging in EOC 
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