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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 I
and reductive PB-elimination, respectively, from extracted membrane glycoproteins derived
trom ‘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 02-6 sialylation were detected on membrane glycoproteins derived from ovarian
cancer cells. The corresponding gene expression and epigenetic regulation of specific
glycosyltransterases 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 glycosyltransterase gene expression of ST6GALI,
B4GALNTS3, and MGATS3, 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 a2-6 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-
tucosylated 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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CHAPTER I: INTRODUCTION

Literature Review




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).
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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)

Age at diagnosis

Subtype 2 Characteristic Features References
(incidence rates)
— Most common subtype
— Low-grade serous carcinomas (LGSC) have low-grade nuclei with infrequent mitotic figures and evolve .
) . . . Lo . (Chen, Ruiz et. al,
from adenofibromas or borderline tumors; high grade serous carcinomas (HGSC) exhibit high-grade nuclei
59.4 R 2003; Levanon, Crum
Serous o and numerous mitotic figures.
(60-80 %) . . . . et. al,, 2008; Vang,
— Presented as a large mass in the ovary (bilateral involvement in 2/3 cases) .
. ) . . . . Shih Ie et. al., 2009)
— 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)
— Derived from cells identical to internal lining of uterine endometrium
60 — Low-grade adenocarcinomas and seem to arise from endometriotic cysts associated with endometriosis; (Scully, Young et. al.,
Endometrioid 10-25 % high-grade carcinomas are morphologically indistinguishable from HGSCs and often express WT1. 1998; Chen, Ruiz et.
(10-25 %) — Usually confined to the ovaries (unilateral) and diagnosed at early FIGO stages (I and II) al., 2003; Prat, 2012)
— Predominantly cystic or solid in appearance
— Derived from cells identical to intestinal epithelium or endocervical epithelium
— Presented as a large unilateral tumours (Scully, Young et. al.,
. 54.7 . . . Lo o . . . .
Mucinous 5-10 % — Abundant papillary or micro-papillary projections within the cyst cavity, large areas of necrosis and solid 1998; Chen, Ruiz et.
(5-10 %) areas al., 2003)
— Presence of tenacious mucus
— 50-70 % have endometriosis
50 — Presented as a large unilateral tumours (Scully, Young et. al.,
Clear-cell 45 — Predominantly cystic or solid with polypoid masses protuding into lumen 1998; Chen, Ruiz et.
(4-5 %) — Abundant clear cytoplasms; prominant cell membrane al., 2003)
— Poor prognosis for Stage 1 cancers with 5-year survival rates of 69 %
— Derived from cells identical to the internal lining of the urinary bladder or urothelium
Transitional — Presented as unilateral tumours : :
50 . . oy . . . (Nucci and Oliva,
cell 99 — Predominantly cystic or solid with papillary or polypoid projections 2009)
(Brenner type) ( O) — Morphologically and phenotypically similar to serous tumours

—70-100 % present at advanced stages; better response to chemotherapy
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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 ef. 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 ef. 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
tfollowing years (Casagrande, Louie et. al, 1979; Moorman, Schildkraut ez. 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 ez. 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 n vitro studies which
demonstrate that the overexpression of FSH and LH is associated with the activation of
potential oncogenes (Tashiro, Katabuchi et. al, 2008; Ji, Liu ef. 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 le, 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
. .. . — Genetically more stable | (Singer, Oldt ez.
tuill(;\:rfrowmg, clinically indolent _ Distinctive patterns of | a, 2008; Shih
— Present a low stage; low proliferation high frequency mutations | fe and Kurman,
. 6% P in different histologic cell | 200% Cho and
potential tvpes Shih Ie, 2009;
Type I | — Exhibit shared lineage between benign ype Kuo, Guan et.
) — KRAS, BRAF and :
neoplasms and low-grade carcinomas . . al., 2009; Shih
. ERRB2 mutations in
— Low grade serous, mucinous, matority of low erade le, Chen ez. al,
endometrioid and clear cell carcinomas JOTILy & 2010)
— 5-year survival rates of 55 % ovaran canceers
y —TP53 mutations are
rare
— Highly aggressive tumours with rapid
spread throughout pelvic region — Genetically unstable (Shaw,
— Often associated with non-ovarian — High frequency TP53 | McLaughlin ez,
serous carcinomas arising from the mutations (> 80 % cases) | 4/, 2002; Cho
fallopian tube and peritoneum — Amplification of and Shih Ieiu
— Bilateral involvement of both ovaries CCNE1 2009; Lynch,
. - ) Casey et. al.,
and peritoneal membranes — Majority of cases are 2009)
Type Il | — Exhibit glandular, papillary and solid associated with BRCA1
patterns mutations
—Present at advanced FIGO stages 111 — Predominantly cystic or
and IV; appear without definitive solid in appearance
precursor lesion
— High grade serous, endometrioid,
malignant mixed mesodermal,
undifferentiated carcinomas
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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, Afity 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).

10 | Chapter I



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

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)

BRCA 2

1) STICs in fallopian tubes and high grade serous cancers are comprised of only secretory cell-type Prophylactically removed fallopian | (Lee, Miron ¢, al
epithelium N / PN T
2) Secretory cell proliferations are associated with nuclear p53 alterations tubes (n=41) 2007)
24 % had p53 signatures; 53 % identified in fallopian tubes containing STICs 5]8_(1 f?mples; BREA mutations Q((I;(f?; Mivon et ok
93 % had TP53 mutations in the TICs and corresponding metastasized tumours; hypothesized Pelvic high-grade serous cancers (Kuhn, Kurman et. al,
monoclonal origin for these cancers (HGSCs)(n=29) 2012)
38 % harboured at least one p53 signature in the fallopian tube; One OSE specimen exhibited p53 Prophylactically removed fallopian | (Folkins, Jarboe et. al,
signatures in ovary tubes and ovaries (n=75) 2008)
1) 100 % , 66.7 % and 66.7 % of fallopian tubes derived from tubal, ovarian and peritoneal cancers, i:gsgi:r;t?}?zxsra)igglf:i;g(;m (Kindelberger, Lee ef
respectively, contained areas with STICs peritoneal (n=6) and tubal (n’:5) al, 2007) gen -
2) 93 % of all TICs located at distal end of tubal fimbrae cancer N

Non-BRCA

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

Ovarian (n=387), 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)

n= number of samples examined
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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
turther 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 Il
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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Low grade Serous Carcinomas

- Benign serous Borderline
Tubal Epithelium - m - N » ‘ LGSC ——

TP53
Mutation

High grade Serous Carcinomas

S P53 Tubal
Tubal Epithelium - signature - dysplasia ‘ =l - Aees -

TP53 Gene Mutation BRCAI,Z Gene Function Loss DNA Copy Numger Ampll!lcatlon ana Deletlon

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

(p58 signature), tubal dysplasia), early cancer (serous intraepithelial carcinoma, STIC) and HGSC. Reproduced
from Li. J. et al. (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 Iimmuno-
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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Table 4: Comparison of Profiling between SEOC, PPSC and PFTSC

High Grade Serous Carcinomas

Serous Epithelial

Category Immunolellstl(zchemlstry Ovarian Primary Peri.toneal Primary Fallop.ian Tube REforenes
arker Carcinomas Serous Carcinoma Serous Carcinoma
(SEOC) (PPSC) (PFTSC)
(Lacy, Hartmann et. al., 1995; Rosen,
. o)1 Ausch et. al., 2000; Halperin, Zehavi
(n=10/22), (n=76/178) (n=8/26), (n=6/6) (n=26/43), (n=51/63) ’ ’ p ’
Gene Mutation P53 + + + et. al., 2001; Madore, Ren et. al., 2010;
Hou, Liang et. al,, 2012)
Hormone Oestrogen +(n=16/22) +(n=8/26) (Halperin, Zehavi eZ. al,, 2001)
Receptors Progesterone +(n=20/22) +(n=12/26) (Halperin, Zehavi et al. 2001)
+n1erllhrar]e (n=44/121) k ! b I )
EGFR B +(n=4/6) (Noske, Schwabe et. al., 2011; Hou,
gé‘é)g)i};rzactor J-cytoplasm (n=81/121) Liang et. al,, 2012)
VEGF +(n=6/6) (Hou, Liang et. al,, 2012)
Ki-67 (cell proliferation
marker) +(n=6/22) +(n=10/26) (Halperin, Zehavi et. al., 2001)
Lacy, Hartmann et. al., 1995; Chen,
ﬁolicular HER 2/neu 4 (n=2/22), (n=4/18) 4 (n=10/26), (n=11/32) 4 (n=11/48) Y<'amgda et. al,, 2003)
arkers

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 B- catenin +(n=5/178) +(n=6/6) (Madore, Ren et. al., 2010)
wnt signalling E-cadherin +(n=6/6) (Hou, Liang et. al,, 2012)
Badiglian Filho, Oshima et. al.,
pathway Wnt5a +(n=30/38) _(n=0/6) 2<009)g

n= number of samples examined; + positive staining; - negative staining
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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, Goft, 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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Table 5: Screening and Diagnosis of EOC ‘

Detection
Methods

Description

Method

Randomised Screening Trials/
Experiment(s)

Clinical Evaluation

References

Transvaginal or

Imaging technique performed
for women with a high risk of

Ultrasound instrument
is placed in the vagina,

1) Screening resulted in 826 laparotomics
and 5 detected cases of primary ovarian
cancers

Both methods are not
sensitive or specific to be

(Campbell, Bhan et. al.,
1989; van Nagell,

cancer screening, from age 35
onwards or 5-10 yrs earlier
than earliest age of EOC
diagnosis

measure serum level of
the CA125 antigen

stage 1 ovarian cancer cases

3) Elevated CA125 levels in benign
conditions; endometriosis; ovulation and
pregnancy

component of routine
management of women
with advanced ovarian
cancer

Pelvi . riding detailed o
Sonoervalch + developing EOC or after 5:? leslz% eeljilce (Total n=5000) recommended as a Higgins et. al, 1990)
('Ingp) Y pelvic examination reveal Stru%:tureip(e size and 2) Screening and surgery performed on 44 | general screening
" abnormalities ;ha e of c;var%é;) women; 3 cases of ovarian cancer procedure
P (Total n=3000)
) ) o 1) Utilised clinically f (Bast, Feeney et. al., 1981;
1) Monoclonal antibody 1) Elevated in 85 % of serum of clinically ) Hised ciinically for Ismail. Rotmensch et al
recognising soluble form of advanced EOC patients detection, diagnosis, Mill ot l
g . g . . ' P i monitoring and 1994; Miller, Deaton et. al.,
CA125 in serum Commercially available 2) Pre-operative serum levels of CA125 FOeTOSS 1996; Bon, Kenemans et.
CAl25+ 2) Used clinically in ovarian | diagnostic kits that < 35U/ml (cut-oft point) in 50 % of clinical g) lim;i‘n's the standard 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

CA 125 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-38 (n=296)

¢) mucin-like glycoprotein (n= 281)

d) VEGF (n=239)

e) mesothelin (n=100)

) 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)

+ = Detection methods used simultaneously; n= number of prospective patients
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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 identitfied
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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Drug

Table 6: Molecular Targets in Ovarian Cancer Treatment

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)

PK13-mTOR and HIF-1a inhibition; modulates

Phase II studies show safety and effectiveness in

(Mabuchi, Altomare et. al., 2007;

Temsirolimus cell growth and metabolism ovarian cancer Campone, Levy et. al., 2009)
Chimeric human-murine mAb that binds the . . . .

Cetuximab EGFR; inhibition of cell proliferation, enhanced fa}ﬁ)sj g;lltsiiugl{eia(;lf)zetzf)\i?t}i Or;l?]li?:ie\fg};[ ot (Konner, Schilder et. al., 2008;

(ErbB receptor family) apoptosis, reduced angiogenesis, invasiveness and aul prat ed Pp S P Secord, Blessing et. al., 2008)
metastasis result in improved PF

Gefitinib o . . . R ) ) (Schilder, Sill et. al., 2005; Posadas,

(ErbB receptor family) Inhibitor of EGFR signaling No significant response Liel e, al, 2007)

Erlotinib o . . o Phase II study: 6% response rate, no improvement | (Gordon, Finkler et. al., 2005;

(ErbB receptor family) Inhibitor of EGFR tyrosine kinase receptor when combined with bevacizumab 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/1I 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)

20Y-muHMFGT1 (ip.)

MUCI1 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/P13kARKT
pathway

Upregulation of the tumor suppressor gene PTEN;
inactivation of the PTEN/P18KkAKT 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)

Sourced from Salani R. et. al. (2009)
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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 ‘7z 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 mon-
cancerous’ and ‘cancerous’ epithelial cells, but also to distinguish ovarian, tubal and
peritoneal cancers. Apart from ‘iz wvitro’ 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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able 7A: Development of ce ; ode
Models Source Significance Example(s) References
1) Isolation and transformation of rat OSE (ROSE) using Kirsten
. ) . (Adams and Auersperg,
Rodent: murine sarcoma virus (Ki-MSV) a) OV3121 1981: Godwin. Testa et al
a) Rat OSE (ROSE) | 2) Simulation of incessant ovulation for repeated ‘in vitro’ passaging of b) OV3121-ras4 SN . 7
o . . . . 5 1992; Testa, Getts et. al.,
b) Mouse OSE cells; exhibited increased proliferation and tumorigenic properties c) OV3121-ras7 1994 Roby. Tavlor e al
) ) (MOSE) 3) Transformed cells displayed similar genomic and proliferative d)p53-def-MOSE 2000’ obY, taylor et at,
Ovarian Surface patterns observed in ovarian tumours )
Epithelium (OSE)
1) Immortalisation of human-derived HOSE cells achieved via a) HOSE 6.3 (Maines-Bandiera, Kruk et.
retroviral transduction of either the simian virus 40 T antigen (SV40- b) HOSE 17.1 al., 1992; Tsao, Mok et. al,
Human OSE . . N . .
(HOSE) Tag) or the human papilloma virus E6/E7 oncogenes c) HOSE 105 1995; Rusakari, Kariya et.
N 2) Proliferative lifespan increased without tumorigenic properties; d) HOSE 129 al., 2008; Jacob, Nixdorf et.
stable after many passages e) HOSE 130 al., 2014)
1) Developed to study neoplastic transformation of normal fallopian
tube epithelium; ‘ex vivo’ culture system with air-surface liquid interface .

. . . . . . . . (Ando, Kobayashi et. al.,
Fallopian Tube | Fresh primary 2) Preserve natural architecture, orientation, polarity and biological 2000: Levanon. Ne- ef. al
Epithelial Cells | fallopian tube functions displayed by ‘in vivo' FTECs. a) NT/T-S 2010? Karst Le’zvarglgon' ot .,al

(FTEC) specimen 3) Long term propagations of cells using hTERT transduction and 201 1’) ’ B
SV40-Tag sufficient to overcome senescence without inducing tumour
formation
Tumours: 1) Grown continuously in culture; allow repeated experiments to be Primary tumour: A2780,

Ovarian Cancer
Cell Lines

a) Primary tumour
b) Metastasised
tumours

c) Resistant tumours

performed without the necessary requirements or limitations observed
for ‘zn vivo’ models.

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

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

(Jacob, Nixdorf et. al., 2014)
[ATCCG;
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, OVCARS, EFO-
21,0V-56

Pleural fluid:

COV504, PEA1, PEO4

(Jacob, Nixdorf et. al., 2014)
CATCC;
http://www.Igestandards-
atcc.org’]
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able 7B: Development of ‘e 0’ and 0 ode O
Models Source Significance Example(s) References
1) Cell lines ar-1Ei primary cell lines are grown Wlth.dlﬁerent forms of (Adams and
ECM (eg. purified proteins such as collagen, Matrigel) Auerspere. 1981:
OvCa cells/primary 2) Early events following the cell-matrix contact allow for evaluation of Growth factor-reduced Matrigel pers, oS L

3D cultures

cells with 8D matrix

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 8D culture

OvCa model

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 iz 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)

1) Developed to recapitulate tumor heterogeneity with recruitment of

Serous-type cancers: OvCa

(Hua, Christianson et.
al., 1995; Miyajima,

Cell Line Cell l‘mes ‘ host stromal cells and maintenance of l?oth tumor stroma and (OVCARS, SKOV3, PEO25 ctc)) | Nakano ef. ai, 1995;
Ovarian and fallopian tumor/non-tumor vasculature interactions .
Xenografts - . . . Clear cell —type cancers (ES- Provencher, Lounis
i tubes from primary 2) Most OvCacell lines can be transfected or transduced to express
(murine) . . . Y . 2, TOV-21G) et. al., 2000; Hu,
ovarian tumors fluorescent or bioluminescent vectors to enable longitudinal optical . . R
. . Primary and fallopian tube cells Hofmann et. al.,
imaging of tumor growth
2005)
Geneticall 1) Genes (p53, RB, Myc, Akt, Pten) are expressed or deleted specifically o )
. Y a) Ovarian surface in the ovary and fallopian tube to evaluate the physiological relevance of Transgenic mice infected with a) (Orsulic, Li et. al.,
engineered . . . . . ] .
epithelium, fallopian defined genetic changes OSE cells (p53-depleted with 2002; Chodankar,
mouse models . . .
(GEMM) tube 2) These preclinical models are useful to study drug rsistance and for presence of oncogenes) and b) Rwang et. al., 2005)

discovery of serum biomarkers

targeted deletion of BRCA1/2
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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 (1, |) as are indicated. Phenotypes displaying 1 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,
Rudryashov 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 ez. 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 02-6-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
a2-6 sialylation of PB1 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 V-
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 ez al.,, 2010). In
regards to alterations in O-glycosylation, a few studies have observed the increased
expression of Ty and sialyl-T, 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
Th antigen without the presence of sialyl-T}, thereby leading the authours to conclude that
the accumulation of sialyl-T, 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 P, antigen trisaccharide (Gala1-4Galf1-4GlcNAcP) 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 Gala1-4Galpf1-4GlcNAcP (P,), NeusAca2—
3GalP1-4-(6-Su)GlcNAcP, Neu5-AcP2-6GalNAca, Neu5AcP2-6Galf1-4GlecNACcp,
NeusAca2-3GalB1-3-(6-Su)GalNAco. and Galp1-4GleNAcB1-6Galp1-4GIlcNAcp  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.

28 | Chapter I



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 difterent 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 -
glycosidically to asparagine (GlcNAcB1-Asn) is the most common (Stanley, Schachter ez. 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, Mana1-6(Mana1-3)Manp1-4GlcNAcB1-4GlcNAcB1, 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 Mana1-6 arm of the core and GlcNAc initiated antennae

on the Mana1-3 arm (Stanley, Schachter ez. al., 2009).
b) O-linked glycosylation (O-glycans)

O-linked glycosylation refers to the attachment of the glycan that is a-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 a-linked O-mannose, a-linked O-fucose, B-linked

O-xylose and B-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-GIcNAc 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 (GIcNAc-1-P) from UDP-GIcNAc. Next, the other GIcNAc residue
and five Man residues are subsequently transferred to form the Man;GlcNAce-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,
GlcsManygGleNAce-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 glycosyltransterases in the
asparagine-linked glycan (ALG) pathway. Once completed, the ‘en bloc’ transter of this
glycan precursor to a conserved Asn-X-Ser/Thr sequon of a folded protein is catalysed by

the oligosaccharidetransterase complex (OST) (Schwarz and Aebi, 2011).
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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 a1-2 linked glucose
residue and the remaining two a1-3 linked glucoses are trimmed by the enzyme, glucosidase
[ 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 o-mannosidase I, which removes terminal a1-2Man residues,
resulting in GlcsMans—9GlcNAc, structures on mature glycoproteins. The majority of the
glycoproteins, however, exit the ER with eight or nine Man residues and the trimming
process of a1-2Man residues resumes in the Golgi through the action of a1-2 mannosidases,
giving rise to the MansGlcNAc, intermediate. While this glycan intermediate is key to the
formation of hybrid and complex-type glycans, not all glycoproteins are fully processed to
Man;GlcNAce and these incompletely processed glycoproteins will carry N-glycans bearing
Man;-9 GlcNAce, also known as high mannose-type glycans (Stanley, Schachter ez. 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 a1-3 mannose arm of the core MansGlcNAc, (Schachter, 2000).
Once this transfer has been catalysed, subsequent processing by a-mannosidase II, another
resident of the medial-Golgi is carried out to remove the remaining terminal Man residues,
forming GlcNAcMansGleNAc,. The second N-acetylglucosamine is added to C-2 of the a1-
6-linked mannose arm by the action of GIcNAcT-II to yield the common precursor for
biantennary, complex N-glycans. In the event that a-mannosidase II fails to trim
GlcNAcMan;GleNAcs, the peripheral al1-8Man and al-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 a1-3 linked mannose arm by
GlcNACT-IV and C-6 of the al-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, GIcNAcT-VI, GIcNAcT-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 B-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

tucosylated 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).
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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 Galf1-8GalNAc 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 T, and T antigens, as their names
suggest, are antigenic glycans and they may be modified by the addition of sialic acid, to
form sialyl-T, or sialyl-T antigens (Brockhausen, Schachter et. al, 2009). The Core 1 O-
glycan is further extended by the addition of the branching P1-6 N-acetylglucosamine
(GleNAc), 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 (GalB1-4GlcNAc) 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 f1-3 N-acetylglucosamine is linked to the single GalNAc residue and this
structure is converted to Core 4 O-glycan by the addition of B1-6 N-acetylglucosamine via
the action of B1-6 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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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 B-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 (NeuAca2-3GalBCer), 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 B-linked galactose, to form
a lactosylceramide (GalP1-4GlcpCer)(Hakomori, 2008). 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 02-3 sialyltransferase which catalyses the
transfer of sialic acid to the lactosylceramide (GalP1-4GlcBfCer) to make the simple
ganglioside, GM3. GM3 acts as the acceptor for UDP-GalNAc f1-4 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 Gala1-4Galf1-4GlcfCer and Galal-
3GalP1-4GlcPCer, respectively. On the other hand, the lacto- and neo-lacto series are
comprised of the Galf1-3GlcNAcB1-3Galf1-4GlcBCer and GalP1-4GlcNAcB1-3GalP1-
4GlcBCer, respectively which extend the lactosylceramide with B1-8GlcNAc (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).
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Figure 8: Glycosphingolipid (GSL) series of higher eukaryotes (A). In the synthetic pathway of
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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 identitying 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

sequences are heavily methylated to
to prevent chromosomal re-
arrangements

factor(IGI'2)
5) Claudin-4 membrane protein

Glycosyltransferase genes:
1) ST3GAL4
2) MGATS5

Epigenetic . . Genes/Glycosyltransferase 0
pigene Characteristics yeosy Studies References
Regulation genes
1) Occurs at CpG-rich regions or CpG | Tumour suppressor genes: 1) 5-24 % of EOC (Takai and Jones, 2002)
islands of genes, leading to 1) BRCA1 2) 14 % of sporadic EOC but not in (Esteller, Corn et. al., 2001)
inactivation of genes 2) BRCA2 hereditary EOC (Baldwin, Nemeth et. al,
DNA 3) No correlation of BRCA 1 methylation 2000, Strathdee: Appleton et.
: 2) In normal cells, CpG islands of with histological subtypes, grades or al., 2001) (Bol, Suijkerbuijk ez.
Hypermethylation . . ’ al., 2010) (Gras, Cortes et. al.
active vital genes are unmethylated to stages 20’01) ’ ’
allow for gene activation 4) BRCA2 promoter methylation is rarely ’
observed in sporadic non-hereditary
ovarian cancers
1) Contributes to structural Non-slvcosvltransferase (Ehrlich, 2002; Ehrlich, 2002;
chromosomal changes and g yeosy 1) Extensive hypomethylation in advanced- | Eden, Gaudet et. al, 2003;
chromosome instability through genes: ) stage tumours Strathdee, Vass et. al., 2005;
R ’ 1) Methylation-controlled S . Czekierdowski
activation of proto-oncogenes, 2) Serous and endometrioid tumours : ’

S . DNAJ (MCJ) / . . Czekierdowska et. al., 2006)
aberrant recombination and increased . . . display higher DNA methylation as i :
mutagenesis 2)synuclein -y (SNCG) compared o mucinous subtvpe (Widschwendter, Jiang ¢t. al.,

3)taxol-resistance associated P S SUbLyp 9004;5307 Hu et al, ]QOO‘E
DNA . ene (TRAG-3) Murphy, Huang et. al., 2006;
. 2) In normal cells, repeated genomic g ; : 2007
Hypomethylation ) P & 4) Insulin-like growth Litkouhi, Kwong et. al., 2007)

2) Global de-methylation correlates with
increased expression of glycosyltransferase
genes (increase in sialylation and tri-
antennary branching and loss in core
fucosylation)

(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 (V- 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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Glycosylation of proteins is one of the most important PTMs, with more than half of all human
proteins estimated to be glycosylated. It is widely known that aberrant glycosylation has been
implicated in many different diseases due to changes associated with biological function and
protein folding. In cancer, there is increasing evidence pertaining to the role of glycosylation
in tumour formation and metastasis. Alterations in cell surface glycosylation, particularly
terminal motifs, can promote invasive behaviour of tumour cells that ultimately lead to the
progression of cancer. While a majority of studies have investigated protein glycosylation
changes in cancer cell lines and tumour tissue for individual cancers, the review presented
here represents a comprehensive, in-depth overview of literature on the structural changes of
glycosylation and their associated synthetic enzymes in five different cancer types originating
from the breast, colon, liver, skin and ovary. More importantly, this review focuses on key
similarities and differences between these cancers that reflect the importance of structural
changes of cell surface N-and O-glycans, such as sialylation, fiicosylation, degree of branching
and the expression of specific glycosyltransferases for each cancer. It is envisioned that the
understanding of these biologically relevant glycan alterations on cellular proteins will facilitate
the discovery of novel glycan-based biomarkers which could potentially serve as diagnostic and
proguostic indicators of cancer.
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Cell surface glycans on membrane-bound proteins are in-
volved in numerous essential biological functions incud-
ing cell proliferation, differentiation and migration, cell-
cell integrity and recognition, cell-matrix and host-pathogen
interactions, immune modulation and signal transduction
[1]. The glycans found in humans are predominantly attached
to the protein in either of two ways: (i) a GlcNAc residue
is added to the Asn residue within a consensus peptide se-
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quence of Asn-X-Ser/Thr (where X can be any amino acid
except proline) for N-glycans or (ii) a GalNAc residue is added
to the hydroxyl group of Ser or Thr residue on the polypeptide
for O-glycans. Proteins destined for the cell surface typically
undergo glycosylation in the endoplasmic reticulum-Golgi
pathway where a sequence of regulated events occur involv-
ing both catabolic and anabolic enzymes such as glycosidases
and glycosyltransferases to create highly complex but specific
glycan structures on the proteins [2].

It is now becoming increasingly evident that the expres-
sion of aberrant glycans is intimately associated with patho-
logical conditions incuding cancer [3], possibly due to dys-
regulated transcription of enzymes of the glycosylation ma-
chinery. Many studies have shown that altered glycosylation
patterns on the surface of cancer cells disrupt normal cellular
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functions that eventually lead to their metastatic and invasive
behaviours [4-8]. As the significance of glycosylation changes
emerge, the search for glycan-based cancer biomarkers or
drug tarpets has become an attractive and widely pursued
field of research. Tumour-associated glycans located on the
cell surface present themselves as probable cancer predic-
tors and/or as viable options for drug targets as well as for
monitoring drug responses. In this review, we focus mainly
on cell surface glycosylation changes that have been inves-
tigated using cell culture-based models and/or the analysis
of tumour tissue from patients across five different cancers,
namely those of the breast, colon, liver, skin {melanoma)
and ovary (summarised in Table 1). This review comprises
three sections in which the first section highlights the use
of cell lines and tissues and the various methodologies that
have been applied in glycan-based studies. In the next sec-
tion, we briefly describe the major glycan changes observed
in each of the five cancers, followed by a comprehensive anal-
ysis of specific glycan epitopes/motifs displayed on the cell
surface glycans across the different cancers. Ultimately, we
aim to provide readers with an overview of similarities and
differences associated with cell surface glycan alterations be-
tween these five cancers and how they may be implicated in
carcinogenesis.

1.1 The use of cultured cells and tumour tissue for
glycan-based studies

According to the most recent statistics, cancer accounted for
an estimated 7.6 million deaths annually and remains a lead-
ing cause of mortality worldwide [9]. Although there is an
improved understanding of cancer compared to decades ago,
early diagnosis and treatment are still hampered by the highly
complex nature of the disease. Nevertheless, much progress
has been facilitated by the accessibility of both immortalised
cultured cells and non-immortalised (primary) cells repre-
senting a myriad of cancer types collected at different stages
which are made available for cancer studies. For example, over
200 melanoma cell lines have been thoroughly characterised
for genetic abnormalities and global gene expression pat-
terns that have helped in understanding the stepwise process
of melanoma progression [10]. Cell lines that reflect various
subtypes of cancers have also been analysed such as OVCAR3
and ES-2 for serous and clear cell subtypes in ovarian cancer
and MCF-7 and MDA-MB-231 for luminal and basal subtypes
in breast cancer. In addition, non-tumourigenic primary cell
lines such as those derived from human mammary epithelial
cells, hepatocytes or melanocytes can also be easily obtained
for comparative studies. Traditionally, cell lines have been
analysed extensively to investigate underlying pathology and
potential disease biomarkers. However, with increased spot-
light on the implications of altered glycosylation in cancers,
these in vitro models are being increasingly used for detect-
ing glycan changes that occur in cancer. It must be consid-
ered though that the process of glycosylation is enzymatically

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics 2014, 14, 5256-546

driven and is highly dependent on the biochemical environ-
ment and cell type [11]. Consequently, the cell culturing pro-
cess could potentially alter the biochemical environment of
the cells and thus affect their cell surface glycosylation ex-
pression. It is therefore useful to compare the results of using
cellular models of cancer with those obtained from diseased
tissue analysis to investigate whether plycosylation is altered
between these two approaches.

In breast cancer, several studies have demonstrated that
the genetic diversity present in clinical tumours is largely mir-
rored in breast cancer cell lines [12-14] while another study
showed that the glycoprotein profiles of various breast can-
cer cell lines corresponded to specific tumour subtypes [15].
Cell lines offer the potential to more easily study the dif*
ferent cancer cell subtypes; for example, a lectin-based mi-
croarray study that explored cell surface protein glycosylation
signatures on various breast cancer cell lines did not identify
consistent lectin-binding patterns between three breast can-
cer cell lines, namely the MCF-7, MDA-MB-231 and SK-BR-3
cell lines, which represent different breast cancer subtypes,
that is, luminal, basal-like and ErbB2-overexpressing, respec-
tively [16]. However, in a recent study of a panel of 60 cancer
cell lines, markedly different gene expression profiles were
obtained between the cultured cells, including those from
breast and ovarian cancers, and their corresponding tumour
tissues [17]. The genomic profiling of ovarian cancer cell lines
has also failed to correlate with their relevant primary ovar-
ian tumour subtypes [18] although numerous glycoproteomic
and transcriptomic studies performed on ovarian tumour tis-
sues have identified several glycan motifs which are associ-
ated with ovarian cancer subtypes [19-24].

Taken together, these studies suggest that although certain
in vitro models do reflect changes occurring in vivo, other in
vitro models do not necessary mimic their corresponding pri-
mary tumours. Therefore, data obtained from in vitro models
needs to be carefully interpreted and followed by subsequent
validation studies using clinical tissue samples.

1.2 Methods used to study glycosylation in cancer

To date, numerous studies employing a variety of glycan de-
tection methods have been carried out to compare glycosyla-
tion patterns between normal and malignant cancer samples
(Table 1j. A brief discussion of these methods, which in-
clude the use of orthogonal as well as more advanced mass
spectrometric-based techniques to identify glycan changes in
cancer is described below.

Investigation of glycan expression can be targeted (lectin
based or antibody based) or non-targeted (MS based) (re-
viewed in [25]). Plant lecting which recognise specific gly-
can motifs are the most commonly exploited tool (reviewed
in [26]) and have been used in several ways to detect differen-
tial cell surface glycan expression; such as lectin histochem-
ical staining [27-31], lectin affinity chromatography [32-34],
lectin blotting [33, 35-38], and lectin array [39]. The utility
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of lectins has been clearly demonstrated by their ability to
identify the proteins that carry a tumour-specific glycan
change. For example, high reactivity of the two lectins, PHA-
E towards periostin and AAL towards thrombospondin, re-
vealed increased bisecting N-acetylglucosamine glycosylation
and core fiicosylation, respectively, on both proteins, suggest-
ing their use as glycomarkers for ovarian cancer [33]. Anti-
bodies against glycan-associated antigens present on cancer
cell surfaces have also been used on various platforms such as
Western blots, flow cytometry and immunochemistry. These
methods have been successfiilly applied to glycan studies in
numerous cancers. In particular, the occurrence of highly ex-
pressed sialyl-Tn (sTn) and Lewis antigens in ovarian, breast
and colon tumours were largely established by the use of anti-
bodies against these epitopes. [20,40,41]. Specific glycan alter-
* ations identified by lectin- and antibody-based studies were
also found to correlate with patient outcome. For example,
the increased (31-6 branching of N-glycans in node-negative
breast tumours [27] as well as the highly expressed Tn and sTn
X % X % %% %X x x antigens in colorectal carcinoma tissues [42] were associated
with poor prognosis f patients.

In recent years, detailed characterisation and extensive cov-
erage profiling of glycan structures attached to proteins have
been achieved using advanced instrumentation, in particu-
lar, MS. In most of these studies, glycans were enzymatically
x = = = % released from protein samples with or without subsequent
chemical derivatisation prior to M S-based analysis via (i) per-
methylation [43,44]; (i) 2-AB labelling [8,45] and (iii) as native
or reduced forms [34,46-50]. It is evident that M S-based gly-
comics is becoming indispensable for structural analysis of
glycans and glycoconjugates. Due to its non-targeted nature,
structures associated with cancer which were not previously
identified uging conventional techniques may potentially be
discovered (8, 48]. One current disadvantage is the relatively
low throughput nature of glycan analysis by MS since the
data analysis requires manual interpretation and detailed as-
signment of structures. This task is challenging and time-
consuming due to the structural complexity, heterogeneity
and non-template driven nature of glycans, although compu-
tational tools are currently undergoing development to over-
come this bottleneck [51, 52].

A large number of studies have also been carried out to
identify specific glycosyltransferases involved in the glycosy-
lation pathway in cancers. Most studies measure the mRNA
expression of specific glycosyltransferases [38, 53-57] or per-
form whole transcriptome analysis [2] while others assay di-
rectly for the enzyme expression [58-61]. One interesting
outcome of these studies is that the correlation between spe-
cific glycan expression and their regulation in the enzymatic
synthetic pathway is not always consistent. For instance, in-
creasedlevels of Tn, sTn, T and Lewis X (Le*) antigens in colon
cancer tissue homogenates were not necessarily matched by
the activity levels of glycosyltransferases responsible for their
synthesis [59]. Notably, elevated expression of cell surface
sialyl Lewis X (sLe*) antigens correlated with those of fucosyl-
transferase mRNA transcripts in cultured colon cancer cells

Referencel(s)
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[132,134]
126]
[131]
[19,20,23,192,193]
[47,133]
[47,131,206]
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but this trend was not observed in tissue samples [55]. Studies
have also manipulated glycosyltransferase expression levels
in cell lines [62, 63] or introduced specific glycosylation al-
terations in murine models, for example, by injecting high
mucin-producing colon cells [64], to evaluate the effects of the
glycan changes on tumour development and metastasis.

The methods used to characterise the glycosylation of pro-
teins in cancer are thus diverse and the strengths and limita-
tions of each of these approaches complicates the comparison
of the analytical results and the deductions made from many
of these studies.

2 Glycosylation in cancer

Here wewill describe the current knowledge of the changes in
protein N-and O-glycosylation that have been observed in five
different cancers, viz. breast, colon, liver, skin {melanoma)
and ovarian. Details of the various studies reporting these
changes are summarised in Table 1.

2.1 Breast cancer

Breast cancer remains the leading cause of death for women
worldwide [9]. Detailed cDNA microarray studies on breast
cancer tumours unveiled characteristic molecular expression
patterns that clustered the disease into five subtypes, namely,
luminal A or B, basal-like, ErbB2-amplified and normal-like
[65]. Some key differentiators are the status of cell surface re-
ceptors, that is, presence of estrogen receptor (ER) and proges-
terone receptor for luminal AfB subtypes; presence of human
epidermal group factor receptor 2 for ErbB2-amplified sub-
type and the absence of all three receptors for basal/normal-
like subtypes. The clinical implications are huge as this dif-
ferentiation has allowed for more effective targeted therapies
and improved prediction of treatment responses for breast
cancer patients.

Early evidence that suggested the involvement of glycans
in breast cancer came largely from studies using breast can-
cer cultured cells and breast tumour tissues [41, 66]. Com-
moh cultured cells include cell lines BT20, MCF-7, SKBR3
and MDA-MB-231. The use of antibodies and lectins that
recognised specific carbohydrate structures have identified
the presence or over-expression of Lewis-type epitopes such
as Le*, sle* and Lewis Y {Le¥) and f1-6 branching of the
N-glycans as well as short O-glycan residues such as T
and sTn antigens on cell and tissue membranes [41, 66-71].
Overall increases in branching of N-linked glycans, trunca-
tion of O-linked glycans, sialylation and fucosylation of N-
and/or Olinked glycans are common features observed in
breast malignancy. Concomitantly, these changes have been
correlated with altered expression of the relevant enzymes re-
sponsible for their occurrence such as sialyltransferases, fuco-
syltransferases, N-acetylglucosaminyltransferases and galac-
tosyltransferases [2,72-74]. Several studies also demonstrated
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a positive correlation of cancer-associated glycan structures
with metastasis and prognosis of patients [27,40,75].

Major efforts have also been directed towards detecting
glycan changes in patient serum with the hope of discover-
ing clinically usefiil biomarkers, particularly for early-stage
breast cancer. Current serum biomarkers for breast can-
cer — CA 15-3 {or CA27.29) and carcinoembryonic antigens
both lack sensitivity and specificity and are not suitable for
the screening of breast cancer. Comparative profiling of gly-
cans from serum proteins of breast cancer and healthy pa-
tients have revealed similar trends of altered glycosylation
to those found on the cancer cell surface, which include a
general increase in N-glycan branching, sialylation and fuco-
sylation [70,76-78]. Interestingly, one study observed a higher
mannose content in serum from breast cancer patients but
this alteration has not been reported on cancer cell surface
glycans [79].

In addition to overall global glycomic changes to the pro-
teome, numerous breast cancer-associated proteing that bear
altered glycan epitopes have also been identified such as
EGFR, CD44, TGFbR, 4F2 antigen, Basigin and the notch
receptors [80]. Given that more than 50% of proteins are
estimated to be glycosylated [81], much more remains to be
discovered. Although glycosylation sites in some of these pro-
teins are able to be predicted, detailed site-specific character-
isation of glycan changes on each glycosylation site may be
essential to understand the roles of these glycan alterations
in breast cancer.

2.2 Colorectal cancer

Colorectal canceris a major and prevalent type of malignancy
worldwide, being the third most common in males and sec-
ond most common in females [9]. It has a relatively high in-
cidence and mortality with an estimate of over 1 million new
cases and half a million deaths each year [9]. For this can-
cer type, alterations of glycans and glycoproteins have been
known since the late 1980s [42] and investigations have con-
tinued until recent times [45,49, 82]. The methods, sample
types and techniques used have been varied depending on
approach and encompass cell lines, animal models as well as
clinical samples.

For clinical colon cancer samples, alterations in glycan ex-
pression have been observed in patient serum as well as in
tissue. In serum, carbohydrate antigens such as CA-19-9 and
CA242 are increased in patients with colon carcinomas [83].
In tigsue, the main glycan changes observed on the cell sur-
face are Tn and Lewis antigens, as well as their sialylated
forms [42, 58, 84]. For the majority of these studies, inves-
tigations have used the targeted approach of immunohisto-
chemistry, where only a limited suite of glycans were agsayed.
Use of non-targeted glycomic approaches such as LC MS has
lagged behind, most likely due to the low-throughput nature.
Some understanding of the biosynthetic regulation of glyco-
sylation in colon cancer has been obtained through assaying
the expression of glycosyltransferase genes, usually at the
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transcriptomic level [57,85]. Less is known about the protein
expression associated with the glycan alterations, probably
due to their relatively low abundance in the proteome due to
heterogeneity, as well as the ion suppression of glycopeptides
in classic proteomic studies.

Investigations into the biosynthetic regulation of cancer-
associated glycan changes and their subsequent functional
impact on cancer progression have been performed in in
vitro cell models of colorectal cancer using cell lines such as
HT29 [86], WiDR [87] and L8174T [88]. Increased expression
of mucins was associated with increased metastasis [8%] and
increased fucosylation with increased cellular adhesion [87].
Perhaps the most interesting observation was that cell surface
glycan expression and the correlation with relevant glycosyl-
transferase transcripts [55] or enzymatic activities [59] were
not always well defined in tissue. In contrast, surface gly-
can expression appears to be more easily associated with the
synthetic glycosylation pathway in cell culture [55,90]. These
findings in particular suggest differences between tissue and
cell models, particulatly in the complexity of glycan biosyn-
thetic regulation.

2.3 Liver cancer

Primary liver cancer includes different subtypes of can-
cer originating from the liver and includes hepatocellular
carcinoma (HCC), cholangiocarcinoma, angiosarcoma and
hepatoblastoma. The most common of the primary liver can-
cers is HCC representing over 90% of cases [91]. HCC is
currently the fifth most prevalent cancer, is the third lead-
ing cause of cancer-related death worldwide [92] and is the
focus of liver cancer research. It usually arises as a result of
long-term underlying liver disease and is the main cause of
death in patients with liver cirrhosis [93]. Patients with HCC
have a dismal prognosis, with 5-year survival rates as low as
18%, partly due to tumours being commonly diagnosed at
advanced stages [94].

The majority of studies involving glycosylation changes as-
gociated with liver cancer have been conducted uging patient
gerum samples. Since most of the proteins in serum are of
hepatic origin, the close relationship between liver and serum
sugpgests that aberrant glycosylation of liver proteing may be
reflected in the serum [95]. Even though this review focuses
on changes in cell surface protein glycosylation in cancer,
one well-documented example of glycosylation alterations to
a serum protein in liver cancer should be mentioned first,
namely alpha-fetoprotein (AFP), which is currently one of
the few successful/approved glyco biomarkers [96-98]. The
AFP abundance is generally raised as a result of liver dis-
ease and the change in glycoforms of AFP has been shown
to be a good indicator of disease progression, distinguishing
HCC from chronic liver disease [99]. Various AFP glycoforms
are present in benign liver disease, chronic hepatitis, liver
cirrhosis as well as HCC. However, there is one particular
glycoform known as AFP-L3 (lectin fraction 3) that corre-
lates well with liver cancer. AFP-13 is the major glycoform
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found in serum of HCC patients and carries an additional
a1-6-linked fucose residue {core fucose} and represents a
good marker for malignancy. At present, the cut-off index
for fucosylation is set to 10% (positive when AFP-L3 =>10%
of total AFP) [100], in which HCC patients tested positive
for AFP-L3 over this threshold have the potential for faster
tumour growth and early metastasis [101, 102]. For chronic
hepatitis or liver cirrhosis patients who are considered high-
risk groups for HCC, AFP-L3 can detect liver tumours with
a diameter of less than 2 em [103] with a lead time of
9-12 months compared to imaging techniques [104] with
sensitivity of the test increasing with tumour size and ag-
gregsiveness of HCC. Clearly, these results indicate that the
different glycosylation of AFP-L3, although unknown as to its
function, is usefull for early diagnosis of HCC due to its high
specificity.

There are some studies where liver tissue from HCC pa-
tients and hepatocellular cell lines has been investigated as
well. An up-regulation of sLe* [105] and «2-6-linked sialyla-
tion [106] as well at tetra- antennary glycans [107] has been
described in some of these cases. However, most studies mea-
sure either the regulation or activity of specific glycosyltrans-
ferases, with reporting of an increase in enzymes responsible
for core fucosylation [108,109] and branching [4,56,109,110].
The glycosyltransferase regulation is not directly linked to
structural changes in the glycans in most cases, making it
difficult to ascertain how cell surface protein glycan expres-
sion is regulated.

24 Melanoma

Melanoma ig the least common but most life-threatening
form of skin cancer, with about 200 000 new cases diagnosed
wotldwide each year (http://www.aimatmelanoma.org). If de-
tected at an early stage before metastasis has occurred, sur-
gical removal of the primary lesion results in a survival rate
of over 90%. This survival rate drastically decreases to 13%
for patients diagnosed after metastasis to distant organs has
occurred.

Alterations in cell surface glycosylation have been found
to contribute to the invasive and metastatic potential of the
melanoma tumour cells and poor prognosis of patients with
studies of the glycosylation of human melanoma cell lines and
the popular murine B16 melanoma tumour model providing
valuable information on the cell surface protein glycosylation
changes associated with the development and progression of
melanoma [111-113]. Over 5000 independent cell line straing
are available forthe study of melanoma, covering the different
stages of disease progression from primary melanomas to
metastases in distant organs such as lymph nodes and the
brain [10].

The studies carried out incude interaction of glycosy-
lated cell adhesion proteins with extracellular matrix pro-
teins [34, 38], glycosyltransferase expression profiling [ 38] and
the use of lectins to identify characteristic glycan changes
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[37,38,114]. Other methods include the use of sialic acid deter-
mination using HPLC and sialidase treatment [111], MALDI
MS/MS and HPLC analysis of N-glycans released from iso-
lated glycoproteins from melanoma cell lines (8, 34,114,115].
These studies have reported changes in sialic acid linkage
and fucosylation of individual proteins, as well as an in-
crease in both the total cell surface abundance and number
of proteing bearing {3 1-6-branched tri- and tetra-antennary
N-glycans in the progression from primary to metastatic
melanoma.

Although extensive studies have been carried out on
melanoma cell lines and mouse model systems, there is lim-
ited evidence on whether the observed changes in these sys-
tems are consistent with the glycosylation profiles of tumour
tissue from patients, probably due to the small sample size
of melanoma tissue.

2.5 Ovarian cancer

Ovarian cancer, derived from the ovary, fallopian tube or peri-
toneum, is the sixth most common cause of cancer world-
wide with the highest mortality rate among all gynaecological
cancers [116]. The histological subtypes for ovarian cancer
such as serous, mucinous, endometrioid and clear cell are
all associated with different genetic rigk factors and distinct
molecular events during oncogenesis [117, 118]. The serous
subtype, however, represents over 75% of ovarian cancers
and is characterised by a 5-vear survival rate of only 10-
209 [119, 120]. This poor prognosis is due to an array of
factors which include the anatomical location of the ovaries
within the abdominal cavity, lack of early symptoms and di-
agnostic biomarkers as well asg inadequate screening meth-
ods. At present, CA125 is the only clinical marker used for
the detection of ovarian cancer, despite limitation in terms
of its sensitivity and specificity [121]. Due to their morpho-
logical heterogeneity and location, most ovarian cancers are
diagnosed at advanced stages when metastasised to distant
sites and are usually treated in the same manner; namely
with maximal cytoreductive surgery [122, 123] followed by
platinum-based chemotherapy [124, 125].

Several approaches have been explored to identify glyco-
gylation changes that give rige to the expression of tumour-
associated glycans such as Tn and sTn antigens which have
been found in ovarian cancer tissue. Conventional methods
such ag the use of immunohistochemical stainingusing mon-
oclonal antibodies have shown differential expression of car-
bohydrate antigens between normal tissue and ovarian can-
cer tissue [19-21] and facilitated the characterisation of ovar-
ian cancer tumour subtypes [126]. Multi-lectin affinity chro-
matography has also been employed for the enrichment of
glycoproteins to aid in the detection of specific glycosylation
changes between healthy and diseased cancer tissue [33,53].

While a majority of proteomics-based experiments have
focused mainly on body fluids such as serum [127-129] and
secreted glycoproteins [130, 131], there is a lack of informa-
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tion regarding the cell surface protein glycosylation of ovarian
cancer tissues and cell lines. However, over the past fewyears,
MS-based glycomics has led to the discovery and identifica-
tion of plycans associated with ovarian cancer progression.
For instance, studies associated with cellular glycan changes
have been reported for the SKOV3, PA-1, OV4, OVM, m130,
GG and RMG-1 cell lines in which several glycans with Lewis
antigens or LacdiNAc motifs were detected as possible mark-
ers of ovarian carcinoma [47, 132-134]. Besides that, mass
spectrometric profiling of ovarian cancer tissue also revealed
the overexpression of cancer-associated terminal (3-N-acetyl-
D-glucosamine (GleNAc) in protein and lipid-linked glyco-
conjugates [135].

Although the ovary has traditionally been thought to be the
origin of ovarian cancer development, the dinical focus has
shifted from the ovaries to other potential sites of origin such
asthe fallopian tube and peritoneum [136-138]. Hence, the re-
cent identification of serum anti-glycan antibodies which dif-
ferentiated ovarian cancers according to their origin serves as
a good indicator that glycosylation changes on a cellular level
may evoke gpecific antibody responges that can be monitored
for diagnostic and prognostic purposes [139]. Owing to the
fact that 909% of ovarian cancers are epithelial cancers [140],
novel glycan alterations on the cell surface represent a vital
source of drug targets and biomarkers which could be utilised
as alternative treatment strategies to improve survival rates
of this disease.

3 Glycan changes associated with cancer

Glycosylation changes to the cell membrane proteins have
thus been associated with all of the described cancers and
have been investigated in detail for some cases. Specifically,
sialylation, fucosylation, branching and truncation of both
N- and O-glycans appear to be a common theme amongst
the cancer-associated changes in glycan structures and are
described in the following sections. A detailed overview of
these glycan alterations (Table 1) and the key glycosyltrans-
ferase changes (Table 2) observed in cancer is provided. An
illustrative diagram depicting the reported cancer-associated
glycosylation changes, with their known corresponding gly-
cosyltransferases, is also shown in Fig. 1.

3.1 Sialylation

Sialic acids, which include the nine-carbon monosaccharide,
N-acetylneuraminic acid, are widely distributed in nature as
terminal sugars on various glycoconjugates [141]. The addi-
tion of sialic acid residues, also termed sialylation, is an im-
portant modification in cellular glycosylation as sialylated gly-
cans mediate various roles in cellular recognition, cell adhe-
sion and cell-to-cell signalling [142]. The four major families
of sialyltransferases are classified according to the carbohy-
drate linkage in which they transfer the sialic acid residues,
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Figure 1. Representative dia-
LINKAGE POSITIONS MONOSACCHARIDE SYMBOLS gram illustrating the glyco-
8 syltransferase genes involved
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. changes in breast, colorectal,
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namely the ST6Gal (a2-6 linkage), ST3Gal (x2-3 linkage),
ST6GalNAc (02-6 linkage) and ST8S8ia (02-8 linkage) [143]
ag shown in Fig. 1.

Sialylated Lewis epitopes such assLe® (NeuAca2-3Galf1-
3{Fucal-4)GleNAcR) and sLe® (NeuAco2-3Galpl-4(Fucal-
3)GleNAcf) are structurally related and have been frequently
investigated in a majority of cancer studies [144-146]. It has
also been shown that the aberrant expression of these epi-
topes is implicated in cancer metastasis through the adhesion
of tumour cells to the endothelium [144, 147). For instance,
in breast cancer, the occurrence of both sLe* and sLe?, was
found to be highly expressed in breast carcinoma with lymph
node metastases [69,75,148]. Their occurrence alsohad an in-
verse relationship to the expression of the epithelial marker,
E-cadherin, a membrane glycoprotein commonly associated
with epithelial-mesenchymal transition [149]. Apart from the
presence of sLe® in ovarian cancer, sle® also appears to be a
key antigenic determinant for mucinous ovarian tumours,
indicating that its expression is more discriminatory for this
subtype as compared to other ovarian cancer subtypes such
as serous and endometrioid [126].

The preferential up-regulation of sLe*, a notable feature
observed in metastatic tissue {e.g. lymph node) as compared
to primary cancer tissue, has also been shown to be indicative
of malignancy and disease progression [5,84,145]. This trend
has been observed in colon cancer, in which the expression
of sLe* correlated with metastasis and a higher incidence of
recurrence and poor prognosis. Likewise, in ovarian cancer,
this epitope is associated with metastasis although there was
no correlation with patient prognosis [23, 24, 145, 150]. Sim-
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ilarly, sLe® was also present in the hepatocytes surrounding
the metastatic carcinoma site in liver cancer but not detected
in normal livers [151]. In contrast, for melanoma cancer, a
separate study showed that the excessive expression of sLe*
on short chain polylactosamine N-glycans in o1-3 fucosyl-
transferase III-transfected B16-FI melanoma cells led to sub-
sequent tumour rejection by natural killer cells [152].

The prevalence of either 02-3 or o2-6 sialylation has also
been extensively studied for each cancer type in terms of the
expression of sialyltransferases and glycan structures bear-
ing these epitopes. For instance, a2-3 or o2-6-sialylated gly-
cans were found to be involved in conferring a metastatic
phenotype in melanoma cell lines [37] while another recent
study revealed higher mRNA expression levels of «2-3 sialyl-
transferases, ST3GAL3 and $T3GAL4, which were specific for
N-glycan lactosamine chains bearing Galp1-3 and Galp1-4,
respectively. Similarly, the impact of sialylation type was also
observed in colorectal cancer, in which o2-3-sialylated struc-
tures detected using Maackia amurensis lectin also showed
positive correlation with lymph node metastases and lym-
phatic invasion [31]. In breast cancer, the associated sia-
Iyltransferases, ST3Gal3 for N-glycans and ST3Gall for
O-glycans, were also found to be up-regulated in most breast
cancer studies [74, 153]. Glycoproteins with terminal «2-6-
linked sialic acids, however, have been up-regulated in sev-
eral ovarian cancer cell lines while another study indicated
that «2-6 sialylation of 21 integrin, a membrane-agsociated
glycoprotein, conferred metastatic and adhesive proper-
ties to ovarian cancer cells [132, 134]. The expression of
o2-6-sialylated glycoproteins was also observed in liver
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cancer and the corresponding mRNA expression of ST6GAL1
was a consequence of the neoplastic transformation of hep-
atocytes [106, 154]. It should also be noted that changes on
the cell surface glycosylation upon malignant transforma-
tion have also revealed the novel occurrence of o2-8-linked
polysialic O-glycans that correlated with enhanced metastatic
properties of MCF-7 breast cancer cells [155].

Overall, the accumulating evidence in the cancers de-
scribed clearly highlights the important role of sialylation
of glycoproteins in tumour metastasis, a critical event in
cancer development and progression. In particular, the up-
regulation of sLe* is commonly observed across different can-
cer types such ag breast, ovarian, liver and colorectal cancer,
whilst the differential expression of «2-3 and «2-6 sialyla-
tion in cancer was found to correlate with metastasis in all
five cancers as opposed to the novel o2-8-linked polysialic
O-glycans observed only in breast cancer so far.

3.2 Fucosylation

L-fucose is a common component of many N- and O-linked
glycans produced by mammalian cells. Two key features that
distinguish this monosaccharide from other hexoses include
the lack of a hydroxyl group at the six-carbon position of
the sugar ring and the L-configuration. Fucose, also dassi-
fied as a deoxyhexose, frequently exists as a non-extendable
modification of glycans and plays a functional role in regulat-
ing ontogeny and cellular differentiation [156]. Hence it is no
surprise that fucosylation is differentially regulated in can-
cerous compared to non-malignant conditions. Fucosylated
glycans are synthesised by a range of fiicosyltransferases {en-
coded by FUT1-11) and can be generally divided into two
subcategories, core fucosylated and terminally fucosylated
glycans.

3.2.1 Core fucosylation

Core fucosylation is the addition of o1-6-linked fucose to the
innermost GlcNAc residue of N-glycans which is synthesised
by a single a1-6 fucosyltransferase (encoded by FUTS, Fig. 1).
Up-regulation of core fucosylation and the associated FUTS
gene seems to be an important factor in most cancers (refer
to Tables 1 and 2). Core furcosylation has been found to be ele-
vated in liver, colon and ovarian cancerous tissue [53,157,158]
and the increase is reflected in the serum levels of HCC and
ovarian cancer patients [157, 159]. Increased core fucosyla-
tion has also been observed on the cell surface of colon and
breast cancer cell lines [2,55,87]. In addition to the increase
in core fucosylation, the transcription of FUT8 is enhanced
in HCC liver tissue and breast tumour tissue [2, 108] with
a significant increase of the substrate GDP-fucose levels re-
ported in HCC [160]. It should also be noted that a recent
study found similar levels of fucosylation in HCC tissue as
compared to the surrounding healthy tissue, after measuring
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high expression levels of FUTS enzyme in tumour tissue as
compared to the surrounding non-tumour tissue [161], sug-
gesting that there may be an abnormal secretion of fuicosy-
lated proteins into the serum of HCC patients [107]. Various
studies on colorectal cancer celllines [162-165] have also iden-
tified the role of core fucosylation in E-cadherin-dependent
adhesion [55,87], since both have shown to be up-regulated in
cancerous tissue. FUT8 knockout colorectal cancer cells me-
diate loose cell-cell contacts whereas FUTS8-transfected cells
increase adhesion and apgregation, thereby supporting the
role of core fucosylation in cell adhesion and cancer metas-
tasis. Core fucosylation has also been linked to antibody-
dependent cellular cytotoxicity [ 166] and a positive correlation
was observed between increased dimerization and phospho-
rylation of EGER [158] in breast cancer cells, further demon-
strating the impact of core fucosylation in breast malignancy
through enhanced EGFR-mediated cellular activities.

3.2.2 Terminal fucosylation

Cell surface glycans also frequently carry fucose residues in a
2-3 and/or 4 linkage at the terminus of the N- and O-linked
glycan structures, giving rise to the formation of specific
Lewis blood group antigens, such as (Le”) and (Le*™). Sev-
eral fucosyltransferases are involved in the formation of Lewis
antigens including those coded by FUT1-7 and FUT9 [167]
with FUT3-7 and 9 gene products known to produce the
Le* structure [167-169] (Fig. 1). FUT1-2 genes, on the other
hand, are involved in creating the precursor of the H anti-
gen. Although fircosylation is essential for normal biological
functions, a change in fucosylation has been strongly im-
plicated in cancer and increasing metastatic potential. Le*
antigens, for instance, have been found to be differentially
expressed in colon [150] and breast [80, 169] cancer tissues.
More specifically, a comparison between adjacent and carci-
noma tissue in colon cancer showed an increase of Le* and
sLe* in the tumour tissues, in which patients having both epi-
topes had shorter life spans than those without them [150].
A similar association was seen in breast cancer where over-
expression of the sle* correlated with lymph node metas-
tases, poor prognosis and lower survival rates in breast can-
cer [170]. This indicated that varying levels of fucosylation of
glycans on tumour tissue proteins corresponded to higher
malignancy and poorer prognosis in both colon and breast
cancer.

Le* antigens have also been found in colorectal, breast and
ovarian cancer cell lines. sLe* was found to promote adhe-
sion of some breast cancer cell types to activated endothelial
cells [41, 171), a trend that was also observed in colorectal
cancer cell lines as a result of overexpression of sLe* [172]. It
was also shown that increased expression of the Le* antigen
correlated with higher mRNA levels of FUT3 in colorectal
cell lines although this association could not be verified in
tissue [55]. Other studies have identified FUT6 as the pre-
dominant gene involved in the synthesis of sLe* expression
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by the use of non-transfected and FUT6-transfected colon
cancer cells [58]. Moreover, transfection of the FUT6 gene
not only induced synthesis of sLe*, but also enhanced the
adhesion of breast cancer cells to the endothelial cells. In an-
other study, FUT6 expression was found to be directly related
to the elevated amount of sLe* found in breast tumour tis-
sue [169]. Similarly, the effect of FUT7 transfection on cell
adhesion has also been investigated in colorectal cells [172)
and resulted in the overexpression of sLe* as well as increased
adhesive capabilities of the cells.

In addition to Le* and sLe*, Le¥ antigens have been found
in breast [80] and ovarian cancer cell lines [134] as well
as on the ovarian cancer antigens CA125 and MUC-1 and
the membrane-associated family of EGF receptors [173,174].
Serous and endometroid ovarian tumours were also charac-
terized by a high expression of Le' and H (type 2) antigens
as compared to an increase in Le* antigens in nmicinous tu-
mours [126]. Furthermore, o1-2 fucosyltransferage, which is
involved in the expression of Le¥, has been correlated with
increaging proliferation, cell adhesion, invasion, metastasis
and drug resistance (7, 175] in ovarian cancer. Conversely,
other fucosyltransferases seem to be down-regulated in some
cancers, for instance a2 /a3 fucosyltransferases in HCC were
significantly lower in tumour compared to non-tumourous
tissue [109] while the FUT1 gene product was not detectable
in 25% of tested melanoma cell lines [38].

The overall evidence from the investigated cancers high-
lights the importance of fucosylation in cancer and cancer
progression. More specifically, core fiicosylation is preferen-
tially up-regulated in breast and liver cancer while the cor-
responding increase of the FUT8 enzyme has also been re-
ported in all of the cancers except melanoma. The regulation
of terminally fucosylated glycan structures and their related
fucosyltransferases, however, appears to be varied across the
five cancers, despite the Le* epitope being consistently up-
regulated in most cases.

3.3 Branching and bisecting GlcNAc
3.3.1 Branching of A-glycans

Tetra-antennary N-linked glycans are formed by the action of
N-acetlyglucosaminyltransferase V (Gn'T-V), which catalyses
the addition of (1-6-GlcNAc to the six arm of the N-glycan
core. Increases in these branched structures have been asso-
ciated with cancer and there is evidence for their involvement
in the progression of all five of the cancers examined in this
review.

Elevated presence of B1-6 branching on cell surface N-
glycans has been consistently observed in several comparative
studies of tumour with normal tissues in both breast cancer
and HCC [27,28,43,606,107]. Some of these studies had evi-
dence not only at the cell surface N-glycan structural level but
showed correlation with increased activity of GnT-V and its
corresponding MGATS (Fig. 1) gene expression [71,107]. An
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increase in branching structures has been shown to not only
be associated with the initial stages of cancer but also with
the progression to advanced stages and metastasis. Studies
using GnT-V knockout and antisense cell lines have demon-
strated the involvement of (31-6 branching in the migratory
behaviour and metastatic phenotype, particularly in breast,
colon and HCC cells [176-179]. Higher levels of GnT-V ex-
Ppression were positively correlated with the histological grade
and tumour node metastasis (TNM) classification in tissue
from patients with cirrhosis, well-differentiated and pootly
differentiated liver tumours, consistent with earlier findings
that elevated GnT-V correlates with HCC and its progres-
sion [4,56, 110].

Comparison of the PHA-L lectin (specific for pl-6-
branched complex-type N-glycans) binding patterns between
primary and metastatic melanoma cell lines showed an in-
crease in not only the intensity of lectin staining in cells
from metastatic sites but also an increase in the number of
proteins containing (31-6-branched glycans [37], indicating
an increased activity of the GnT-V enzyme and availability
of its substrates in metastatic melanoma. The reactivity of
breast tumour tissue with PHA-L from different stages of
disease also correlated with tumour progression while highly
branched N-glycans have been suggested as a predictive tu-
mour marker for the identification of node-negative breast
cancer patients [27, 28]. Overall, the use of PHA-L to iso-
late proteins from colon cancer and melanoma cell lines and
breast tumour tissue, and theiridentification by MS, hasiden-
tified tumour-associated cell surface glycoproteins including
TIMP-1, EGFR, TGFR, integrin subunits, N-cadherin, pe-
riostin, LAMP 1, matriptase L1-CAM, Mac-2-binding protein
and melanoma cell adhesion molecule [32,114, 180-184].

Thus, this specific structural change of increased N-
glycan branching on proteins in these cancers, together
with the supporting correlation with the synthetic enzyme
responsible for this structure appears to be an important
hallmark of the cancer cell, particularly of the metastatic
process.

3.3.2 Bisecting GlcNAc

Bisecting GlcNAc N-glycan structures are a result of the ex-
pression of N-acetylglucosamintransferase III (GnT-III), the
enzyme responsible foradding a #1-4-linked GlcNAc residue
to the core of N-glycans by the MGAT 3 gene, and are known to
regulate cell adhesion [185]. GnT-1IT has also been shown to
be expressed at a significantly higherlevel in hepatic nodules
compared to surrounding control liver tissue [108], suggest-
ing a possible correlation between GnT-III and the early pre-
cancerous stage of liver cancer. Additionally, GnT-1II serum
activity is raised in HCC patients compared to patients with
chronic hepatitis and healthy controls, although there is some
evidence that the GuT-III activity in serum and tissue is ele-
vated in cirrhosis as well as in the malignant transformation
of the liver 108, 186].
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Differential binding of the PHA-E lectin specific for bi-
secting N-glycan structures and a substantial increase of the
gene (MGATS3, Fig. 1) transcripts responsible for GnT-11I ex-
pression in ovarian cancer tumours were cbserved compared
to normal ovarian tissue. [53]. Other studies have indicated
the role of bisecting N-glycans in promoting metastasis and
tumourigenesis [187]. The clinical marker for ovarian cancer,
CAl125, isolated from OVCAR 3 cell line has also been shown
to carty bisecting GlcNAc N-linked glycans using a combi-
nation of mass spectrometric approaches, FAB-MS, MALDI-
TOF, and CAD-MS/MS [131].

In contrast to their metastatic correlation in ovarian cancer
and HCC, bisecting GlcNAc structures have been shown to
prevent metastasis in a melanoma mouse model. The intro-
duction of the MGAT3 gene into mouse cells led to the sup-
pression of lung metastasis due to the competition between
the enzymes GnT-V and GnT-I11, resulting in a subsequent
decrease of (31-6 structures and increage in bisecting Gle-
NAc, with concomitant alterations in biological function of
cell surface glycoproteins including E-cadherin [115].

Overall, the disruption in regulation of the MGAT3 and
MGATS genes and the abundance of bisecting and p1-6-
branched N-glycans, respectively, displayed on cell adhesion
proteins have been associated with the migratory and inva-
sive behaviour of cancer cells in both rodent and cell culture
models of liver, colon, ovarian, breast cancer and melanoma.

3.4 Truncated O-glycans

Shortened or truncated glycans appear to be another long-
reported feature that is commonly increased during cancer,
whereas they are either absent or only weakly expressed in
normal tissues. Examples of these truncated antigens include
antigens T (or core 1), Tn and their sialylated forms (sT/Tn)
on the O-glycans attached to muicins. These truncated gly-
cans have been shown to be generally increased in tumours
across different carcinomas, including breast [68, 188-190],
colorectal [42,191] and ovarian cancer [19-21, 192-194].

Of these, sTn is notably increased in breast, ovarian and
colorectal cancers. In colorectal cancer, multiple immuno-
histochemical studies have been reported and the major-
ity of these patients (83.4% of 407 patients across six stud-
ies) [42, 195-199] were reported as sTn positive while the
antigen was not generally observed in normal tissues. A
similar finding was observed for breast [62, 200] and ovar-
ian cancer tissues [19-21, 192-194]. The increased expres-
sion of this sTn antigen is also frequently associated with
poorer prognosis, lower survival rates and metastatic pro-
gression [22-24,197,201] across these different cancers. This
suggests that these structures may play an important role
through mechanisms such as alteration of cellular adhesion,
which is implicated in the metastatic cascade [202].

Interestingly, conflicting results have been obtained using
the colorectal cancer cell line, LS174T. In this study [203],
subclones of 18174T were selected for secretion of mucins
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with truncated glycans (LS-C) as well as more fully glyco-
sylated mucins {LS-B) [204]. Since liver is a commonly ob-
served metastatic site [205], the colonisation of liver by these
subclones was investigated in athymic mice. Unexpectedly,
the subclone of the L8147T cell line with the more fully
glycosylated mucin colonised the liver of athymic mice to
a greater extent. In addition, adhesion to hepatic endothe-
lial cells, a likely contributor towards liver metastasis, was
also greater by the subclone with the more fully glycosylated
mucin than by the subclone with truncated glycans on the
mucing [203]. However, adhesion to basement membrane
matrix (Matrigel) was greater for truncated L3-C cells than
for LS-B cells. Therefore, the effect of the truncated and ex-
tended glycans on the mucins and their impact on cellular
adhesion during colorectal cancer progression is more com-
plex than we understand at present. It is also unknown how
or whether the truncated O-glycans may mediate metastatic
progression in the other cancers detailed in this review.
Taken together, up-regulation of sTn in tumours is fre-
quently observed on the mucins of epithelial cancers such as
breast, ovarian and colon, and its overexpression is commonly
associated with poorer prognosis and metastatic progression.

3.5 High-mannose AN-glycans

High-mannose N-glycan-related glycan changes have also
been cobserved as a notable feature in some cancer cell types
such as ovarian and liver cancer. In ovarian cancer, high-
mannose type N-glycans have been observed on the total gly-
coproteins derived from cancer cell lines, SKOV-3 [47] as
well ag on the glycoprotein CA125 derived from OVCAR3
cells[131]. Besides that, a monoclonal antibody, TM10, was re-
cently developed that demonstrated specificity towards high-
mannose N-glycans on glycoproteins derived from a range
of ovarian cancer cells, PEA-1, PEO-1 and SKOV-3 [206].
In liver cancer, slight up-regulation of mannosyliransferase
activity was observed in tumours compared to non-tumaour
tissues [109]. This implied an increased expression of high-
mannose glycans, although this was not directly determined.
Interestingly, elevation of high-mannose glycans has also
been previously reported in serum of humans and mouse
models of breast cancer [207]. Whilst there is some evidence
to suggest increased expression of high-mannose glycans in
gome cancer types, it is unknown at present what role high-
mannose glycans play in cancer.

4 Conclusions and future perspectives

The extensive literature findings summarised in this review
provide compelling evidence which signifies the biclogically
important role of cell surface protein glycosylation in can-
cer, particularly with regard to the specific N- and O-glycan
structures involved in disease state and progression. Despite
the fact that every cancer develops and behaves differently,
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several conclusions can be drawn regarding the similarities
and differences arising from the glycosylation patterns of the
proteins in the five different cancers investigated in this re-
view. These conclusions have the caveat that the different
studies have involved various methodologies including struc-
tural glycan analysis, determination of enzyme activities and
levels of gene expression, and were carried out on a range
of diverse cell lines and/or tissue samples. In addition, the
lack of observation of a particular structure may simply re-
flect the inability of the method used in a particular study to
identify it.

Firstly, the increase in sialylation observed in all the can-
cers has been shown to promote cancer metastasis and to
a certain extent, is indicative of poor patient prognosis, al-
though there is no single specific sialylation change associ-
ated with all the cancers. N-glycans bearing «2-3-linked sialy-
lation is up-regulated in breast, colon and melanoma whereas
the a2-0-linked sialylation is typically associated with liver,
melanoma and ovarian cancers. The general trend for sialy-
lated Lewis antigens x/y/a/b expression varies, although sLe*
has been found to be up-regulated in all cancers except for
melanoma.

Secondly, core fuicosylation also appears to correlate
strongly with malignancy as evidenced by its observed high
expression in breast, colon, ovarian and liver cancer and its
association with increased cell adhesion and aggregation. Im-
portantly, the presence of core fucosylated glycans on the cell
surface is also largely mirrored by their presence in the sera
for those cancers investigated, thereby substantiating the po-
tential for further use of specific protein glycoforms for early
cancer detection. As for the terminal fiicosylated Lewis struc-
tures, no general trend was observed due to their differential
expression in all five cancers, except for breast and colon
cancer, in which Le* and sLe* corresponded to increased cell
adhesion and reduced patient survival rates.

Additionally, although #1-6 N-glycan branching is clearly
implicated in all cancers reviewed, the role of bisecting-type
N-glycans appears not to be universally associated with dif-
ferent cancers. In particular, their occurrence in ovarian and
liver cancer correlated with metastasis and tumour progres-
sion but was found to suppress melanoma. Therefore, there
appears to be some evidence to suggest that the functional
role of bisecting glycans is cancer specific. However, more
studies are needed to ascertain and elucidate the different
mechanisms underlying this difference in expression of this
N-glycan structure between cancer types.

Moreover, alterations in the expression of the truncated
O-glycan, sTn, as well as high-mannose N-glycans, have been
associated with the cancers reviewed. sTn was observed to be
generally increased in breast, ovarian and colon cancers, and
was associated with poorer prognosis, lower survival rates
and metastatic progression. Whilst this suggests that they
are implicated in cancer, the role of truncated C-glycans on
aspects of cancer progression, such as cellular adhesion, is
complex. On the other hand, for high-mannose N-glycans,
there is evidence to suggest they are increased on the cell
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surface of ovarian and liver cancers. Therefore, they may
also be involved in cancer although their role is unknown at
present.

Overall, alterations in the expression of sialylation,
core fircosylation, truncation, bisecting and high-mannose
glycans, and their implicated role in cancer progression
strongly suggest differential regulation of their correspond-
ing glycosyltransferases in cancer. In this regard, perhaps
the most intriguing observations are the common increase of
FUTS, ST3GALI and ST6GAL1 which accounts for the core
fucosylated and sialylated glycans observed in most of these
cancers. Although the expression of cell surface tumour-
associated glycans is largely a result of the complex inter-
play between multiple glycosyltransferases in the glycosyla-
tion pathway, FUT8, ST3GAL1 and ST6GAL1 may produce
key enzymatic alterations that can be targeted by inhibitors
in firture therapeutic applications, since the increased expres-
sion of glycan structures created by these enzymes has been
observed in most of the cancers studied.

Although it is clear there are both similarities and dif-
ferences in cell surface glycan expression between different
cancers, it is also worth noting that this review encompasses
the observations made on samples from both in vitro cul-
tured cells as well as ex vivo tissues. This has yielded some
discrepancies between data collected from both sample types
such as notable differences in gene expression profiles from
breast, colon and ovarian tumours compared to their cultured
counterparts [17, 55]. This raises the question as to whether
cell lines are a reliable source for investigating surface gly-
cosylation changes in cancer that are clinically relevant and
highlights the importance of validating in vitro discoveries
in appropriate clinical samples, although sample availability
is frequently limited. Nevertheless, while cell cultures may
not capture the full complexity of glycan heterogeneity, use
of these in vitro models has given some insight into the reg-
ulation of cell surface glycan expression and allows genomic
manipulation to determine the biclogical impact of changes
in the glycosylation pathway in the development and progres-
sion of cancer.

The majority of glycan expression studies reviewed here,
including those with clinical samples, was carried out using
targeted approaches, commonly immunohistochemistry with
monocloncal antibodies or lectins against specific glycan epi-
topes. This approach has relatively high throughput, in which
large patient cohorts can be studied and observations made
with high statistical confidence. The non-targeted use of LC-
MS/MS has been applied to a muich lesser extent degpite its
potential foruncovering novel cancer-associated glycans. Cur-
rent developments in glycan-specific chromatography, mass
gpectrometric workflows and bioinformatics tools will facili-
tate and increase the speed and accuracy of this type of data
acquisition and analysis. Therefore, it is envisioned that the
future expanded employment of LC-MS/MS combined with
judicious use of cells lines and tissue samples, is likely to
continue to digcover cancer-specific glycan alterations, which
together with associated cancer-specific glycoproteins, will
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become strong candidate biomarkers and therapeutic targets
for future cancer diagnosis and treatment.
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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 transtormed 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 (EI-
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
tollowing 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 (Hoftmann and Stroobant, 2013). Several types of mass analysers
have been developed based on their difterent 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/% 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 I'T 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,
20038). (Domon and
Costello, 1988)

Matrix-assisted laser
desorption/ionisation

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.

1) Leading ionisation source

for protein/peptide
sequencing

Advantages:

1) 10 to 100 times more sensitive than FAB
without any prior derivatisation

2) Tolerant to salts and other contamination

Disadvantages:
1) Tonisation efficiency of neutral glycans are low

(Mock, Davey et. al., 1991;
Strupat, Karas ez. al., 1991;
Harvey, 1993; Zaia, 2010)

that result in desorption and ejection
of ions into the gaseous phase.

charged ions for large
biomolecules

1) Presence of contaminants such as salts and/or
detergents in the sample solution which can affect
the sensitivity

(MALDI) Matrix co-crystallizes with analyte to | 2) Extensively used for 2) Matrix used is not ideal for acidic glycans
form gas phase ions through a laser glycan analysis 3) Glycans need to be permethylated as ionised as
beam (nitrogen) sodium cations
Sample is dissolved in a suitable polar Advantages:
solvent and introduced to the ion 1) Extensively used for 1) Useful for analysis of glycans with fragile (Iribf‘r“e and Thomson,
source via a spray needle. lvean ¢ ) 1 y constituents (sialic acids and sulphates) 1976; Kebarle, 2000)
Electrospray glycan analysis 2) Coupling with HPLC chromatography (Vanderschaeghe, Festjens
Ionisation High electrical potential at the tip of 9) Generates multiple ¢l. al,, 2010) (Zaia, 2010)
(ESI) the needle generates charged droplets P Disadvantages:
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1.9.4.1 Tandem Mass Spectrometry (MS")

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 ez al, 2013). Multiple fragmentation experiments
performed in stages are represented as MS", where n refers to the number of stages. For
instance, the first stage of a tandem MS is known as MS? and the subsequent dissociation of

product ions from MS? are termed as MS?, MS* 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 ef. 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.

ions into these m/z values

= L\

m/z 237 ——p —b] 143

119

CID is used to fragment 237 Da or (m/z)

g |

Fragment ions are allowed
to pass through the second
analyser for detection

237

Figure 10: Collision-induced dissociation (CID) of a precursor ion m/z 237"~ 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).

Q

O'ZAl B1 Cl Bz Cz 2'5"’”‘3

A and X: Crossring cleavages
B,CY and Z: Glycosidic cleavages

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+H7]'* 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’]'* 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., 19945 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 ez. 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-H7'- or
[M+X7'-, where X is an anion product (eg. Cl-, NOs), 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 GIcNAc 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

22/ type cleavage of GlcNAc residues as a result of
proton abstraction from the 3-position of the
reducing-terminal GlcNAc

Example: 2*Ag, 2*Ar.

ca

240 2478

(Harvey, 2005¢; Harvey,
Royle et. al., 2008)

containing sialic acid

R-1 R
Core Fucosvlation Z and Y ions which correspond to the composition of ::t :’: (Harvey, 2005¢; Harvey,
Y reduced GlcNAc and fucose residue Royle et. al., 2008)
Yion Zion
(m/z 368) (m/z 350)
C/Z cleavage ion (also known as D ion) formed as a
result of the loss of chitobiose core GlIcNAc residues (Harvey, Royle et. al.,
6-Antennae (C ion) and 3-antennae substituents (Z ion) 2008; Everest-Dass,
Dion Kolarich et. al., 2013)
Example: D and D-18 (H.O) ions (m/z 688)
A-type cross ring cleavage ion formed by the cleavage
of Man residues at the 3- and 6-antennae O-:
3- or 6-Antennae (Harvey, 2005c¢)
. 3Aion
Example: $A ion (m/z 424)
D ion which correspond to the composition of the
sialylated 6-antennae €O | (Nakano, Saldanha et. al.,
Sialylated Antennae 2011; Everest-Dass,
B ion which corresponds to the 8- or 6-antennae Dion Bion Abrahams et. al., 2013)
(m/z 979) (m/z 655)
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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 Hypercarb™ 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).

. SR ol N
a) Amorphous carbon a) PGC after graphitisation

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.,
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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 (02-3/02-6), 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 MS? (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 ez 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) 38) 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, Tkenaka 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) (Wubhrer,
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) (FFan, Kondo et.
al., 19945 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

MS" 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.
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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, 19545 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(B1-4)GlcNAc
Vicia villosa agglutinin VAA a- or B-linked GalNAc
Sambucus nigra lectin SNA NeusAca2-6Gal(B1-4)GlcNAc
Maackia amuerensts lectin MAL NeusAco2-3Gal(B1-4)GlcNAc
Dolichos biflorusagglutinin DBA B1-4GlcNAc oligomers
Phaseolus vulgarislerythroaglutinin PHA-E Bisecting GlcNAc
Lotus tetragonolobuslectin LTL Fuc(a1-3)GlcNAc
Arachis hypogea-agglutinin (peanut) PNA Gal(p1-3)GalNAc
Wheat germ agglutinin WGA Chitin oligomers, sialic acid
Aleuria aurantia lectin AAL Fuc(a1-6)GleNAc (Core fucose),
Fuc (01-3)Gal(B1-4)GlcNAc (Lewis antigen)

b) Glycan-based Immunohistochemaistry (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 (LLloyd 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 T, antigen
(Kanitakis, al-Rifai et. al, 1998), sialyl-T, 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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¢) 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 ez. 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 bufter
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-Raravani, 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).

81 |Chapter I



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 MS" 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,
tallopian 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).

8) 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).
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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 OVCARS3) 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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Epithelial ovarian cancer is the ffth most common cause
of cancer in women worldwide Dearing the highest mos-
tafity rate among o gynecological concers. Cell mem-
brane glvcans mediate various ceflular processes such as
cell signaling and bacome altered during carcinogenesis.
The extent to which glveosylation changes are influenced
by aberrant regulation of gene expression is nearly un-
kEnown for ovarlan cancer and remains crucial in under-
standing the development and progression of this dis-
ense. To address this effect, we analvzed the mombrane
ghycosylation of non-cancerous ovarian surface epithelial
{HOSE 6.3 and HOSE 17,1} and serous ovarian cancer celf
Hnes [SKOV 3, IGROV1, A2730, and QVCAR 3}, the miost
common histolype among epithelal ovarlan cancers. N-
glycans were reloased from membrane glyeoproleing by
PGase F and analvzed using nano-diquid chromatogra-
phy on porous graphitized carbon and negative-ion sleo-
trospray jontzation mass spectrometry {ESEME). Glyean
siructures were characterized based on their molecular
rasses atwd tandem MS fragmentation patterms. We iden-
tified characteristic glycan features thal were unigue to
the ovarian cancer membrane proteins, namely the “bi-
secting M-acetyl-glucosamine” type N-glycans, increased
levels of o 2-8 sialylated N-glycans and “ALA -diacelyi-
factosamine”™ type N-giycans. These A-glycan changes
were verilied by examining gene fransaript levels of the
eneymes specific for their synthesis (MGAT3, STEGALY,
and B4GALNTI} using gRT-POR. We further evaluated
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the potential epigenctic influence on MGATS expression
by treating the cell ines with S-azacytidine, a DNA meth-
viation inhibitor. For the first time, we provide svidence
thal MOGATS expression may be epigenetically regulated
by DNA hypomethylation, leading to the synthesis of the
unigue “bisecting GleNAC” type M-glvecans on the mem-
brane proteins of ovarian cancer cells. Linking the ob-
servation of specific N-glycan substructures and their
complex association with epigenetic programming of
their associated synthelic enzymes in ovarian cancer
coultd potentialiy be used for the development of novel
anti-giyoan  drug  tergets and dinieal  diagnestic
tools. Molecular & Ceflular Proleomics 13: 101074/
mep MEI3.037085, 1-20, 2014,

Cvarign cancer is the fith most commeon cause of cancer in
women workiwide with the highest mortality rate among ail
gynecological cancers (1. Most patients are often dingnosed
when the disease has already metastasized 1o distant slies,
resufting in & poot S-vear survival rate of 18-30% when diag-
nosed at the advanced FIGO stages -V {2, 3. This poor
proghosis is primadly aftributed to difficuliies in detecting the
dizsease at an early stage, lack of noticeable early symptoms
and inadequate screening methods. The most widely used
clinical tumor rmarker for the diagnosis and management of
this disease iz CAI125, a membrane-associaled glycoprotein.
However, its limited sensitivity and specificity impede the
detection of early stage ovarian cancers (4-€).

Celiutar glycosylation s a highly organized process inwhich
the addition and modification of sugar or glycan residuss on
proteing and lipids are regulated by a large network of ghveo-
syltransferases and givcosidases that ate present in all tissues
and cell types (7). The fisld of glycomics (study of giveans ang
aglvean modifications) holds conalderable promise as studies
have bhegun 1o unravel the mle of glvcosviation n cancer
8-10). Upon malignant transformation, some of the enzymes
in the glvcosylation pathweys are altered in thelr expreasion or
activity and are thought to be associated with critical aspects
of twmor devalopment and metastasis. For example, 8 1-6-
M-acetyi-glucosaminyliransferase (GnT-V), which is responst-

Molecular & Cellular Proteomics 3.8
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Alteration of Membrane Protein Glycosylation in Ovarian Cancer

ble for the expression of tri- or tetra-antennary 5 1-6-GlcNAc-
bearing N-glycans on the cell surface and secreted
glycoproteins, is often overexpressed in various cancers and
has been correlated with higher invasive potential {11), me-
tastasis (12), vascular remodeling (13} and tumor growth (14).

Recent developments in mass spectrometric methodolo-
gies and iconization techniques have also significantly im-
proved over the last decads, thereby facilitating the structural
analysis of glycans (15, 16). Furthermore, the development of
glyco-bioinformatics databases and tools such as UniCarb
KB (17), GlycoMod (18), GlycoWorkBench (19), GlycReSoft
(20), and Multiglycan (21) have accelerated the pace of glycan
characterization. In ovarian cancer, the majority of studies
investigating N-glycans have been performed using serum
(22-25), in which significant cancer-associated changes such
as increased levels of branching of the N-glycans attached to
glycoproteins (24) and increased sialylation of N-glycopep-
tides (25) have been found. As 90% of ovarian cancers are of
epithelial origin (26), an overview of the glycosylation land-
scape on cancer cell surface membrane glycoproteins is es-
pecially interesting as they have the potential to be used
diagnostically, prognostically, and therapeutically (27).

In this study, we examined specific N-glycan changes on
glycoproteins from non-cancerous ovarian surface epithelial
and ovarian cancer cell lines based on their membrane N-
glycomic profiles. In addition, we performed a gene expres-
sion analysis of relevant glycosyltransferases and evaluated
the potential epigenetic influence on glycosyltransferase-en-
coding genes to better understand their complex association
with cell surface glycosylation. The link between aberrant
glycosylation and epigenetics in cancer is an emerging area of
research that still remains poorly understood (28, 29). Unlike
irreversible genetic changes that affect the activity of these
enzymes, epigenetic modifications can potentially be re-
versed by therapies such as de-methylation, which may be
able to target defective glycosylation pathways to prevent
metastasis in cancer (30). Hence, the specific glycan struc-
tural and synthetic alterations reported here serve as a
preface toward understanding the key steps involved in the
development and progression of ovarian cancer via the
regulation of specific glycosyltransferases and the expres-
sion of their corresponding glycan structural epitopes.

EXPERIMENTAL PROCEDURES

Materals— N-Glycosidase F (PNGase F, recombinant clone derived
from Flavobacterium meningosepticum and expressed in Escherichia
coffy and protease inhibitor mixture tablets were purchased from
Roche Diagnostics (Basel, Switzerland). « 2-3 sialidase enzyme
(Glyko® Sialidase S, recombinant derived from Streptococcus pneu-
monia and expressed in Escherichia coli) was purchased from
Prozyme (Hayward, CA). Immobilin-P polyvinylidene fluoride (PVDF,
0.2 pm) was obtained from Millipore (Billerica, MA). Microtiter plates
(Corning Costar® 96-well flat bottom) were purchased from Sigma
Aldrich (St. Louis, MO). Cation exchange resin beads (AG50W-X8)
was obtained from BioRad {(Hercules, CA), and PerfectPure C18 Zip
Tips were from Eppendorf (Hamburg, Germany). Mycoplasma detec-

tion kit VenorGeM® Mycoplasma Detection Kit was purchased from
Minerva Biolabs GmbH (Berlin, Germany). RNA extraction NucleoSpin
RNAII kit was obtained from Macherey & Nagel GmbH (Duren, Ger-
many). Proteinase K was purchased from Finnzymes, ThermoFisher
Scientific (Waltham, MA). EZ DNA Methylation-Gold™ Kit for bisulfite
conversion was from Zymo Research (Irvine, CA). 5-aza-2'-deoxycy-
tidine (5-Aza)? and primers were purchased from Sigma Aldrich (St.
Louis, MO). Tris-hydrochloride (Tris-HCI), sodium chloride (NaCl), po-
tassium hydroxide (KOH), ethylenediaminetetraacetic acid (EDTA),
Triton X-114, polyvinyl polypyrrolidone 40,000 (PVP40), and sodium
borohydride (NaBH,) were obtained from Sigma Aldrich (St. Louis,
MQ). Cther reagents and solvents such as methanol, ethanol, and
acetonitrile were of HPLC or LC/MS grade.

Cell Culture Preparation —Serous ovarian cancer cell lines (SKOV 3,
IGROV 1, A2780, and OVCAR 3) were obtained from ATCC (Manas-
sas) and were cultured in RPMI 1840 medium, supplemented with
10% fetal bovine serum. Normal, non-cancerous ovarian surface
epithelial cell lines (HOSE 6.3 and HOSE 17.1) were obtained from the
Garvan Research Institute (Sydney, Australia) and maintained in
MCDB 105: Medium 199 (1:1, v/v) containing 10% fetal bovine serum
(31). All cells were grown to 70% confluency at 37 °C in 5% CO,.
Detailed characteristics of the non-cancerous and cancerous cell lines
used in this study are listed in supplemental Table $1. For extraction of
genomic DNA and total RNA, cells were lysed directly after washing
without harvesting by trypsinization. All cultures were free of myco-
plasma, as determined by qualitative PCR using VenorGeM® Myco-
plasma Detection Kit.

Cell Membrane Preparation and Triton X-114 Phase Partitioning of
Membrane Proteins —Approximately 4 x 107 cells were washed twice
with PBS and pelleted through centrifugation at 2500 x g for 20 mins
to remove excess culture media. Cell pellets were re-suspended with
2 ml of lysis buffer (50 mm Tris-HCI, 100 mm NaCl, 1 mwm EDTA, and
protease inhibitor at pH 7.4) and stored on ice for 20 mins. The cells
were lysed using a Polytron homogenizer (Omni TH, Omni Interna-
tional Inc, Kennesaw, GA) for 15 mins. Cellular debris and unlysed
cells were removed by centrifugation at 2000 < g for 20 mins at 4 °C.
The supernatant was collected and diluted with 2 ml of Tris binding
buffer (20 mm Tris-HCI, and 100 mwm NaCl at pH 7.4) and sedimented
by ultracentrifugation at 120,000 < g for 80 mins at 4 °C. The super-
natant was discarded and 140 gl of Tris binding buffer was added into
each sample to re-suspend the membrane pellet [modified from (32)].
A volume of 450 pl of Tris binding buffer containing 1% (v/v) Triton
X-114 was added to the suspended mixture, homogenized by pi-
petting and chilled on ice for 10 mins. Samples were heated at 37 °C
for 20 mins and further subjected to phase partiticning by centrifu-
gation at 200 X g for 3 mins. The upper agueous layer was carefully
removed and stored at —20 °C until further analysis. The lower de-
tergent layer containing the membrane proteins was mixed with 1 ml
of ice-cold acetone and left overnight at —20 °C. Precipitated mem-
brane proteins were pelleted by centrifugation at 1000 < g for 3 mins
and solubilized in 10 wl of 8 M urea (32).

Enzymatic Release of N-glycans from Celi Membrane Proteins—
N-glycans were prepared as previously described (33). Briefly, mem-
brane proteins and glycoprotein standard (10 ;g of fetuin) were

' The abbreviations used are: 5-Aza, 5-aza-2'-deoxycytiding; Gal,
galactosamine; Man, mannose; Glc, glucose; Fuc, fucose; GIcNACc,
N-acetyl-glucosamine; LacdiNAc, N N'-diacetyl-lactosamine; GalNAc,
N-acetyl-galactosamine; Neu5Ac, N-acetyl-neuraminic acid; LC, lig-
uid chromatography; ES|, electrospray ionization; BPC, base peak
chromatogram; EIC, extracted ion chromatogram; PGC, porous
graphitized carbon; FIGO, International Federation of Gynaecology
and Obstetrics; MIQE, Minimum Information for Publication of Quan-
titative Real-Time PCR Experiments.
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spotted (2.5 ul X 4 times) onto a polyvinylidene diflucride (PVDF)
membrane (Sequi Blot 0.2 xm, Millipore). The PVDF membrane was
dried overnight at room temperature prior to staining and de-staining
of the bound membrane proteins. The stained protein spots were cut
and placed in separate wells of a 96-well microtiter plate and 100 4l
of blocking buffer was added to each well. Upon removing the block-
ing buffer, the wells were then washed with MilliQ water and PNGase
F enzyme 2 pl of 1 U/ul PNGase F and 8 pl of MilliQ water) was
added to each well. A volume of 10 I MilliQ water was added prior to
an overnight incubation at 37 °C. The 96-well microtiter plate was
sealed with parafilm to avoid sample evaporation. After sonication of
the plate for 10 mins, ~20 ul of N-glycans were recovered from each
well and combined with washings (60 x| of MilliQ water, twice) from
the sample wells. To ensure a complete regeneration of the reducing
terminus of the released N-glycans, 20 wpl of 100 mm ammonium
acetate (pH 5.0) was added to each sample (~120 ul) at room
temperature for 1 h. After evaporation of the samples, the released
N-glycans were reduced to alditols with 10 xl of 2 M NaBH, in 50 mm
KOH and 10 il of 50 mm KOH at 50 °C for 2 h and the reduction was
quenched using 2 ul of glacial acetic acid.

Purification of N-glycan Aiditols Derved from Cell Membrane Pro-
teins—The N-glycan alditcls were desalted using cation exchange
columns prepared in-house. Approximately 45 ul of cation exchange
resin beads (AGE0W-X8) were deposited onto reversed phase 4-C18
ZipTips (Perfect Pure, Millipore) placed in individual microfuge tubes.
The tubes were then subjected to a brief spin followed by a series of
individual prewashing steps as described previously (33). Approxi-
mately 20 gl of N-glycan alditols were applied to the column, eluted
with MilliQ water (50 ul, twice) and dried. Residual borate was re-
moved by drying the samples under vacuum after the addition of
methanol (100 ul, thrice). The purified N-glycan alditols were re-
suspended in 15 x4l of MilliQ water prior to mass spectrometry
analysis.

LC-ESI-MS/MS of Released N-glycan Alditols— N-glycans were
analyzed by nanolLC-MS/MS using an ion-trap mass spectrometer
(LC/MSD Trap XCT Plus Series 1100, Santa Clara, CA), which was
connected to an ES| source (Agilent 6330). Samples were injected
onto a Hypercarb porous graphitized carbon capillary column (5 um
Hypercarb KAPPA, 180 um x 100 mm, Thermo Hypersil, Runcorn,
UK) using an Agilent auto-sampler (Agilent 1100). The separation of
N-glycans was carried out over a linear gradient of 0-45% (v/v)
acetonitrile/10 mm ammonium bicarbonate for 85 mins followed by a
10 min wash-step using 90% (v/v) acetonitrile/10 mv ammonium
bicarbonate at a flow rate of 2 ul/min. The sample injection volume
was 7 pl and the MS spectra were obtained within the mass range of
mfz 200-m/z 2200. The temperature of the transfer capillary was
maintained at 300 °C and the capillary voltage was set at 3 kV.
N-glycans were detected in the negative ionization mode as [M-H]~
and [M-2HF ~ ions. The MS data was analyzed and quantitated using
Compass Data Analysis Version 4.0 software (Bruker Daltonics). Mon-
osaccharide compositions of the measured monoisctopic masses
were determined using the GlycoMod tool (18) available on the Ex-
PASy server (http://au.expasy.org/tools/glycomod) with a mass toler-
ance of £0.5 Da). The proposed glycan structures were manually
assigned and interpreted from the tandem MS fragmentation spectra
and further characterized with the GlycoWorkBench software tool
(19). In addition, the web-based LC-M&/MS database, UniCarb KB
(17), was also utilized to confirm fragmentation and retention time of
N-glycans based on previously reported glycan structures that were
available in the online library (34-37). The assignment of sialic acid
linkages on the N-glycan structures were carried out through specific
exoglycosidase treatment described below. Furthermore, N-glycans
from fetuin were also used to confirm these linkages as previously
described (38). Other structural features such as the "bisecting

GlcNAc” structures were characterized from diagnostic fragmentions
previously described in negative ion mode fragmentation of N-gly-
cans (39-41).

Data Processing and Statistical Analysis of N-glycans—The MS ion
intensity of each N-glycan composition 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
N-glycans within each cell line. The glycan structures were classified
into four major categories [high mannose/oligomannose, hybrid, com-
plex (neutral and sialylated), and core fucosylated] based on the
nomenclature proposed by Stanley et al. (2009) (42). Following nor-
malization to 100%, the MS ion intensities were averaged for three
replicates of each cell line and subjected to one-way analysis of
variance (ANOVA) using SPSS Version 19.0 to assess their statistical
significance at p << 0.05.

Specific o 2-3 Sialidase Digestion of N-glycan Samples—To verify
the sialic acid linkages, 5 pl N-glycans {(~30 g of membrane pro-
teins) were digested with 2 pl of « 2-3 sialidase S (2 mU)in 2 ul of 5X
reaction buffer and made up to 10 ul with water. The reaction mixture
was vortexed and incubated at 37 °C overnight prior to LC-ESI-MS
analysis. A matched untreated glycan sample (3 wl) was made up to
10 pl with water and used as a control for comparison.

Compositional Monosaccharide Analysis—Compositional analysis
of monosaccharides was performed to verify the presence of the
monosaccharide residue, N-acetyl-galactosamine, on the released
N-glycans of the non-cancerous and cancerous cell lines. For neutral
amino monosaccharides, 20 ul of released N-glycan alditols were
hydrolyzed by treatment with 4 m HCI (100 x| of 8 m HCl in 80 ul MilliQ
water) at 100 °C for 6 h. Hydrolyzed samples were evaporated to
dryness and reconstituted in 50 ul of internal standard (0.1 m 2-deoxy-
D-glucose). Monosaccharide content was determined using a high-
performance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD) system that comprised of the Bio-LC
(Dionex, Thermo Scientific, Sunnyvale, CA) equipped with gradient
pumps (GS50, Dionex) and a pulsed amperometric detector (ED5S0A,
Dionex). 20 ul of amino monosaccharides were injected for each
sample in duplicate and separated isocratically on a Dionex Car-
boPac™ PA-10 column (2 > 250 mm, Thermo Scientific) at a flow rate
of 1.0 ml/min using 12 mm NaOH. Data was collected and analyzed
using Chromeleon software (SP5 Build 1914, Dionex Version 8.70,
Dionex Corporation).

Total RNA and Genomic DNA Extraction— In order to examine the
potential gene expression of associated glycosyltransferases (n = 17)
and reference genes {7 = 3), non-cancerous ovarian surface epithelial
and ovarian cancer cells were grown in 8-well plates (NUNC, Thermo
Fisher Scientific, Roskilde, Denmark). Prior to cell lysis, cells were
washed twice with PBS, and the cellular contents of two wells of a
6-well plate were combined. Total RNA extraction was performed
using the NucleoSpin RNAII kit (Macherey-Nagel, Germany) according
to the manufacturer’s instructions. RNA was eluted in 50 gl of RNase
free water. Total RNA was measured at Asgp a0 nm 3N Azgosgo nm USING
the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Denmark). RNA integrity was confirmed via an electropherogram (Agi-
lent Bioanalyzer RNA 6000 Nano).

For genomic DNA extraction, the cellular contents of two wells of a
B-well plate were combined. Cells were lysed using 250 ul of lysis
buffer (20 mm Tris-HCI, 4 mm Na,EDTA, and 100 mm NaCl) followed
by the addition of 25 ul of 10% (w/v) SDS. The lysed cell suspensions
were vortexed vigorously and subsequent Proteinase K digestion (2.5
wlywas performed for a minimum of 2 h at 55 °C. Residual undigested
proteins were precipitated using 200 ul of 5.3 m NaCl followed by
13,000 x g centrifugation for 30 min at 4 °C. Supemnatant was trans-
ferred to a new microfuge tube and an equal volume of ice-cold
isopropanol was added. DNA was precipitated by inverting tubes
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several times. Precipitated DNA was washed with 70% ethanol and
dissolved in 10 mm of Tris-HCI at pH 8.5. DNA concentration was
measured using spectrophotometry as described above for RNA.

Reverse Transcription (RT) and Quantitative PCR PCR)—Total
RNA (1 (2g) was reverse-transcribed using the iScript Reverse Tran-
scription Supermix for RT-gPCR (Bio-Rad Laboratories, Australia) in a
total volume of 20 ul according to the manufacturer’s instructions.
The complementary DNA (cDNA) was stored at —20 °C until further
use. RT-gPCR was performed in concordance to MIQE guidelines
43). Reference genes were selected as previously described (44) and
listed in Table Il. Target gene primers were designed by QuantPrime
(45). Primer sequences were cross-checked using the web-based
tool in-sifico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr) on the hu-
man genome browser at UCSC {46) against gene and genomic tar-
gets. RT-gPCR was performed on the Applied Biosystems 7500 Fast
Real Time PCR system (Applied Biosystems, Switzerland) in 968-well
microtitre plates for all six cell lines (SKOV 3, IGROV 1, A2780,
OVCAR 3, HOSE 6.3 and HOSE 17.1). Optimal reaction conditions
were obtained using 1x SensiFast™ 8YBR with low ROX as the
reference dye (Bicline, Biolabo, Switzerland), 400 nm specific sense,
400 nm specific antisense primer, RNase/DNase-free water, and
cDNA template in a final reaction volume of 10 ul. Amplifications were
performed starting with a 30 s enzyme activation at 85 °C, followed by
40 cycles of denaturation at 95 °C for 5 s, and then annealing/
extension at 80 °C for 30 s. At the end of each run, a melting curve
analysis was performed between 65-95 °C. All samples and negative
controls were amplified in triplicates and the mean value obtained
was then used for further analysis.

To compare the RNA transcript levels of six cell lines for 17 tar-
geted genes, cycle of quantification (Cq) values were generated di-
rectly at a specific threshold. The flucrescence signals obtained at a
defined RNA concentration were plotted and linear regression was
performed to identify the best linear relationship representing the
standard curve. The slope of the linear equation was applied to calcu-
late the efficiency according to the equation, E = (10~ #°P21-1) x 100,
Raw data, including the melting and amplification curves, generated by
the ABI 7500 software Version 2.0.8. (Applied Biosystems, Switzerland)
were analyzed. Raw data were extracted and further data analysis was
performed using the R statistical programming language Version 2.15.1
tttp://CRAN.R-project.org).

5-aza-2'-deoxycytidine Treatment—To investigate the potential in-
fluence of DNA methylation on MGAT3 and STEGAL T expression, the
DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (5-Aza) was
applied to all cell lines as follows: 10° cells were seeded in B-well
plates (NUNC, Thermo Fisher Scientific, Roskilde, Denmark) and in-
cubated at 37 °C for 24 h. Culture medium was removed every 24 h
and replaced by new medium containing 2.5 pm 5-Aza in 50% (v/v)
acetic acid. Samples were harvested after 24 h, 48 h and 72 h of
treatment. Total RNA was extracted as described above. Mock control
cells were treated with 50% (v/v) acetic acid at a dilution identical tothat
of 5-Aza treated cells. The histone deacetylase inhibitor trichostatin A
(TSA) was used as additional control (to exclude involvement of histone
methylation) in which cells were treated with 5.0 um TSA.

RESULTS

To identify specific membrane N-glycan changes in serous
ovarian cancer cell lines (SKOV 3, IGROV 1, A2780, and
OVCAR 3) and non-cancerous ovarian surface epithelial cell
lines (HOSE 6.3 and HOSE 17.1), global glycosylation profiles
of the glycans released from total membrane proteins by
PNGase F were acquired using mass spectrometry. The gly-
can structures were assigned based on manual interpretation
of the tandem MS fragment spectra.

Relative Quantitation of N-glycans of Membrane Proteins
from Non-cancerous and Cancerous Celf Lines—The LC-ESI-
MS/MS glycomic profiles were compared between the two
non-cancerous and four cancerous cell lines to identify spe-
cific N-glycan alterations in terms of compositional and struc-
tural features. The major difference in structures between the
N-glycans on membrane proteins from non-cancerous and
cancerous cell lines are indicated in the representative gly-
comic profiles of one non-cancerous (HOSE 6.3) and one
ovarian cancer (SKOV 3) cell line (Fig. 1).

In total, 53 individual N-glycan masses (including structural
and compositional isomers) were detected across all six cell
lines of which 33 N-glycan masses were present in all the
non-cancerous and cancerous cell lines (Table ). In order to
determine if there were quantitative differences between
these glycans in the membrane proteins of the non-cancerous
and cancerous cell lines, the common N-glycans present in
both non-cancerous and cancerous cell lines were statistically
analyzed based on their N-glycan classes [high mannose,
hybrid, complex {neutral and sialylated) and core fucosylated)].
As shown in Fig. 2, we observed significantly higher (p < 0.05)
levels of high manncse N-glycans in the cancerous cell lines
as compared with the non-cancerous cell lines with corre-
spondingly lower levels of complex neutral (p < 0.0001) and
complex sialylated N-glycans (p < 0.05) observed in ovarian
cancer when compared with non-cancerous cell lines. Simi-
larly, core fucosylated N-glycans were also found to be sig-
nificantly lower (p < 0.01) in ovarian cancer cell lines as
compared with the non-cancerous cell lines. No significant
differences were observed in the overall expression of N-
glycans in the total hybrid N-glycan subgroup. O-glycosyla-
tion was also investigated by reductive beta-slimination re-
lease from the membrane proteins of all the mentioned cell
lines (non- cancer and cancerous) followed by PGC LC MS/
MS. Less than five structures consisting of Core 1 and Core 2
O-glycans were found and there were no significant changes
in the relative intensities of these structures between the
non-cancer and cancer cell lines. Hence, the regulation of
O-glycosylation was not further investigated.

a 2-6 Sialylation—Upon performing a one-way ANOVA
analysis to determine quantitative differences between the
non-cancerous and cancerous cell lines, each N-glycan sub-
group was examined for qualitative differences arising be-
cause of the presence of specific structural isomers. Porous
graphitized carbon (PGC) LC-ESI-MS enables the separation
of isomers of differently linked sialylated N-glycans based on
their corresponding retention times (Fig. 3). Both the complex
and hybrid sialylated N-glycan subgroups were found to con-
tain isomeric glycan structures pertaining to differences in «
2-6 or « 2-3 linked sialylation.

For example, the monosialylated biantennary complex N-
glycan with m/z [1038.9]°" detected in the cancer cell line,
IGROV 1 [Fig. 3A(i)] consists of the monosaccharide compo-
sition {Neu5Ac),(Hex), (HexNAc),{dHex}), +{Man),(GIcNAc),
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Fia. 1. Representative glycomic profiles of N-glycans released from membrane proteins of HOSE 6.3 and SKOV 3 cell lines. An overview of
the representative average MS N-glycan profiles in the range of m/z 600-1400 of the non-cancerous human ovarian surface epithelial (HOSE
6.3) and ovarian cancer cell line (SKOV 3) membrane glycoproteins (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]? . Singly charged [M-H]~ ions with m/z 1235.0 and
m/z 1397.5 are also shown in the figure. Number of isomers corresponding to structurally resolved mass ions is indicated in parentheses ().
N-glycan masses that were not structurally resolved and determined to consist of two or more isomer(s) are indicated with asterisks (*).

and comprises of two isomers; namely a sialylated, core
fucosylated biantennary N-glycan with the NeuSAc (sialic
acid) linked either by a @ 2-6 or « 2-3 linkage to the terminal
Gal residue located on either arm. Sialylated isomers can be
distinguished based on retention time differences as previ-
ously described (38, 40, 47) with the « 2-3 linked isomers
having a stronger affinity to PGC and thereby eluting later as
compared with the a 2-6 linked sialylated glycans. For the
above N-glycan isomers, the a 2-6 linked sialic acid glycan
isomers were shown to elute from the porous graphitized
carbon column ~7-8 min earlier than the a 2-3 linked glycan
isomers. The linkages were orthogonally verified using « 2-3
sialidase that resulted in the loss of the late eluting N-glycan
peaks bearing the a 2-3-linked sialic acid [Fig. 3A(ii)]. This a
2-6 monosialylated fucosylated biantennary complex N-gly-
can (m/z [1038.9]°7) and the corresponding monosialylated,
non-fucosylated structure of m/z [965.9]% [(Neu5Ac),(Hex),
(HexNAc), +(Man),(GIcNAc),] was observed only in the ovar-

ian cancer cells (supplemental Fig. S1A and S1B). The disia-
lylated biantennary complex N-glycan with m/z [1184.5]>~
[(Neu5Ac),(Hex),(HexNAc), (dHex),+(Man),(GIcNAc),] (sup-
plemental Fig. S1C) was also present with additional isomers
in the ovarian cancer cells. As represented in Fig. 3B(i) and (ii),
the extracted ion chromatograms (EIC) of N-glycans in the
hybrid category also revealed the presence of additional iso-
mers of the a 2-6 monosialylated N-glycan isomers with
m/z [864.3]> [(Neu5Ac),(Hex), (HexNAc), +(Man),(GIcNAC),],
m/z [945.3]% [(Neu5Ac), (Hex), (HexNAc), +(Man), (GIcNAc),]
and m/z [937.3]% [(Neu5Ac), (Hex), (HexNAc),(dHex),+
(Man),(GlcNAc),] in all ovarian cancer cell lines but not in the
non-cancerous cells.

Bisecting GlcNAc— Apart from the 33 N-glycans common
to all analyzed cell lines, we identified six unique N-glycans
(m/z [840.817~, m/z [913.9]%, m/z [921.9]7, m/z [994.9)>~, m/z
[1177.5]%~, and m/z [1140.5]>7), which were present on the
cell membrane proteins of all four cancerous cell lines, but not
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Proposed N-glycan structures detected on the membrane proteins of non-cancerous and ovarian cancer cells. N-glycan structures released from
non-cancerous and ovarian cancer cell 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 CFG
(Consortium of Functional Glycomics) notation with linkage placement to indicate linkages for sialic acid and fucose residues. Specific linkages
corresponding to Gal-GIcNAc (Type 1/Type 2) lactosamine linkages were not distinguished. N-glycan masses that were not structurally resolved and
determined to consist of two or more isomer(s) are indicated with asterisks (). Values represent mean = S.D. of three separate experimental replicates

Average Relative Intensity (n=3
- s ag y (n=3)
n
Mass i
Type | No bt [M-2H] Structures Non-Cancerous Cells Ovarian Cancer Cells
HOSE 6.3 HOSE17.1 SKOV 3 IGROV 1 A2780 OVCAR 3
1 12354 617.2 b.. 0.60 +0.15 0.63 +0.15 0.66 +0.04 0.62 +0.06 1.61 +0.06 1.79 £0.15
2 13976 | €983 385+0.78 | 289+082 | 503+1.37 | 7.91+0.15 | 4.84+0.54 | 3.97+0.36
!
3a 15596 | 7793 7.73+£051 | 440+020 | 826+0.15 | 1130+265| 9.8+2.20 6.72 £0.20
2
=]
c
5
s 3b 1559.6 7793 190 +0.96 1.8+0.75 1.86 +0.35 2.15+0.20 2.53+0.25 2.18 £0.13
=
=2
x .{
4 17216 8603 15.40+1.76 | 1397 +3.84 | 2286 +7.60 | 16.00 +3.73 | 17.29 +3.40 | 14.96 +0.81
5 1883.8 | 9414 14.11+0.92 | 14.06 +0.93 | 25.21 +0.85 | 24.57 +6.02 | 20.84 £0.06 | 19.29 +0.23
6 2045.6 | 10223 ?; 068 +0.11 058 +0.10 116+0.14 1.43+0.61 1.16 £0.21 1.18 £0.17
r 1260.5 - ?& 0.15+0.07 | 0.01+0.00 | 0.04+0.00 | 0.01+0.00 | 0.01+0.00 | 0.01+0.00
8 14226 710.8 o?k 0.00 0.00 0.00 0.21+0.10 0.00 0.00
9a 1567.6 | 7833 \?“ 0.00 0.00 0.04 +0.00 | 0.08+0.03 | 0.22+0.03 | 0.01+0.00
9b 15676 7833 /)?.. 0.36+0.12 0.31+0.10 0.00 0.11+0.05 0.17 +0.04 0.00
10 | 15846 | 791.8 ?k 065+0.14 | 056+0.10 | 038+0.13 | 0.34+0.11 0.31 +0.05 0.55 +0.03
-
=
'g_ 11 1600.6 799.8 190+0.36 144 +0.16 1.19+054 1.04 +0.30 0.81+0.11 2.21 +0.50
==
12a | 17136 | 856.3 \)?k 0.00 0.12+0.20 | 0324035 0.7+0.21 2.21+0.10 | 0.43+0.20
12b | 17136 | 8563 f?k 1724027 | 0854015 | 0354012 | 1.06+042 | 2.36+0.20 | 0.54+0.18
13a | 17296 | 8643 Q" 0084025 | 0024020 | 039+0.25 | 0.38+0.18 | 0.27+0.05 | 0.99+0.15
13b | 17296 864.3 R“ 0.84 +0.40 0.80 +0.10 0.14 +0.20 0.30 +0.29 0.67 +0.06 0.38 +0.10
14 | 17466 | 872.8 }& 0.18+0.08 | 0.28+0.10 | 050+0.08 | 0.20+0.00 | 0.45+0.04 | 0.72+0.31
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TABLE |—continued

Average Relative Inten: n=3
Gl ciyean g sity (n=3)
Mass 2
Type | No o [M-2H] ey Non-Cancerous Cells Ovarian Cancer Cells
HOSE 6.3 HOSE17.1 SKOV 3 IGROV 1 A2780 OVCAR3
15a | 18756 | 9373 Qk 0.00 0.00 0.41+0.16 | 0.20+0.25 | 0.69+0.16 | 0.62+0.18
- 15b | 1875.6 | 937.3 0.60+0.06 | 0.36+0.09 | 0.36+0.12 (| 041+0.20 | 0.28+0.14 | 0.60+0.13
E
T
16a | 18916 | 9453 0.06+0.19 | 0.06+0.12 (| 068 +0.04 | 047+0.22 | 063+0.12 | 1.43+0.38
16b | 18916 | 9453 }.‘ 0.58+0.10 | 042+0.11 | 046+0.03 | 0.43+0.08 | 0.37+0.03 0.7+0.19
17 14636 | 731.2 ?& 0.59+0.26 | 0.47+0.06 | 0.90+0.27 | 0.74+0.03 | 0.76 +0.14 | 1.00+0.17
18 1625.6 | 8123 o?& 163+0.12 | 1.42+0.19 | 076 +0.11 | 0.64+0.14 | 1.40+0.08 | 0.85+0.35
19 1641.6 | 8203 § 4.65+0.67 | 481+0.76 | 0.87+0.05 | 1.59+0.62 | 091+0.11 | 1.40+0.24
20 1666.4 | 832.8 .% 0.28+0.10 | 0.01+0.00 | 1.31+046 | 1.22+040 | 0.77+0.25 | 0.15+0.05
21 1682.6 | 840.8 ?’l 0.00 0.00 0.30+0.13 | 0.12+0.05 | 0.70+0.10 | 0.80+0.16
22 17718 | 8854 2?& 0.47 +0.18 | 0.41+0.04 0.00 0.00 0.00 0.00
®
4
5
g 23 1787.6 | 8933 ?k 14434224 | 16314281 | 3.14+0.02 | 3.50+0.22 | 3.81+0.50 | 3.95+091
x
2
o
E 24 | 1812.8 | 905.9 %& 0.00 0.00 0.00 0.24 +0.08 0.00 0.00
o
25a | 1828.8 | 9139 }& 0.00 0.00 0.12+0.08 | 0.17+0.13 | 1.70+0.80 | 0.73+0.18
25b | 1828.8 | 9139 ?& 0.00 0.00 0.18+0.04 | 049+0.11 0.00 0.00
26 | 18448 | 9219 }“ 0.00 0.00 050+0.09 | 1.37+0.19 | 1.00+0.13 | 1.60+0.21
27 | 1869.8 | 9344 E 0.00 0.00 0.70+£0.30 | 0.51+0.20 0.00 0.00
28a | 19336 | 966.3 ; 1.90+0.90 | 3.57+0.59 0.00 0.00 0.00 0.00
A
28b | 1933.6 | 966.3 E@ 048 +0.11 | 0.83+0.20 0.00 0.00 0.00 0.00

on the non-cancerous cell lines (Table I; supplemental Fig. 2).
These N-glycans, representing ~5%-13% of total relative ion
intensities of all four ovarian cancer cell lines (Fig. 2) consisted
of bi- and tri-antennary N-glycans that was found to have a
bisecting GIcNAc (N-acetyl glucosamine) residue attached in

a B 1-4 linkage to the innermost mannose of the N-glycan
core. This linkage is catalyzed by the action of a specific
enzyme, B 1-4-N-acetyl-glucosaminyltransferase Il (GnT-lII)
encoded by the gene MGAT3. The structural assignment of
the bisecting-type N-glycans was carried out based on the
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TABLE l—continued

Average Relative Intensity (n=3
Shocan s ag y (n=3)
n
Mass g
Type | No 5 IM—ZNII Sruirioes Non-Cancerous Cells Ovarian Cancer Cells
HOSE63 | HOSE17.1 | SKOV3 IGROV 1 A2780 OVCAR3
29 | 19748 | 986.9 ? Bu 0.00 0.00 0.00 0.7940.28 0.00 0.00
o4
30 | 1990.8 | 994.9 0.00 0.00 2604010 | 2.6240.60 | 3.77+0.80 | 5.93+1.06
o4
31 | 2006.8* | 1002.9 MIZ?“ 0674025 | 1142045 | 0214007 | 0312015 | 030012 | 0.2720.10
32 | 20158 | 1007.4 # 0.00 0.00 0.00 0.1440.06 0.00 0.00
33 | 2079.8 | 1039.4 ? 0324008 | 0.65+0.15 0.00 0.00 0.00 0.00
e
8
5
3 | 34 | 21208 | 10599 0.00 0.00 0.00 0.5640.19 0.00 0.00
x
=X
=%
§ 35 | 2136.6 | 10678 0.00 0.00 0.00 0314015 0.00 0.00
36 | 2152.8° | 10759 o-[:?=' 2444065 | 3442062 | 0924019 | 1.1840.16 | 1104034 | 1254031
37 | 2162 | 10805 gi 0.00 0.00 0.00 0.3940.09 0.00 0.00
38a | 2356 |11775 ?& 0.00 0.00 0.00 0.00 0.18+0.15 | 1.40+0.44
od
3sb | 2356 |11775 0.00 0.00 0404007 | 0.23+0.02 | 022011 0.00
od
39 | 2518 |12585 :%& 0.01+0.00 | 0.60+0.18 | 0.40+0.15 | 0.37£0.10 | 0.16+0.05 | 0.53+0.18
40a | 191656 | 957.8 \)?& 0.00 0.00 0.44+0.00 | 0.07+0.05 | 0494003 | 0.58+0.09
40b | 191656 | 957.8 0.74+0.17 | 0.81+006 | 0114005 | 0.1440.06 | 0394007 | 0.40+0.14
T
5
¥
S |41a | 19328 | 9659 {?“ 0734120 | 079+1.14 | 1474036 | 1.38+0.38 | 1.50+0.26 | 2.09+0.20
x
2
o
E |a1b | 19328 | 9659 3574111 | 5445135 | 1032027 | 1.8640.49 | 1122047 | 1134011
o
42a | 20788 | 10389 \‘:?& 0814043 | 1.00+0.20 | 515+1.20 | 1.91+0.23 | 3.80+0.09 | 7.72+1.34
a2b | 20788 | 10389 ? 9364075 | 9124025 | 3.49+2.18 | 3234014 | 2.8540.10 | 1.412155

MS/MS fragmentation described by Harvey (48). In negative
mode fragmentation spectra of N-glycans, the D ion arises
from the loss of the chitobiose core and the substituents
forming the 3-antennae; thus the D ion mass corresponds to
the composition of the 6-arm antenna as well as the two
remaining branching core mannose residues. However, in
bisecting type N-glycans, there is an additional loss of the

p1-4 linked GIcNAc, which results in the formation of the
p-221 ion that is diagnostic for the presence of these struc-
tures. As observed in Fig. 4 (inset), the extracted ion chromat-
ogram (EIC) of neutral bisecting GIcNAc N-glycan with m/z
[994.9]% [(Hex),(HexNAc),(dHex), +(Man),(GIcNAc),] is seen
only in the ovarian cancer cell lines (Fig. 4C-4F). When this
parent ion mass was fragmented, the p-221 fragment ion
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TABLE l—continued

Average Relative Intensity (n=3)
Glycan e
) Mass 2- "
| Type | No g [M-2H]’ e Non-Cancerous Cells Ovarian Cancer Cells
HOSE6.3 | HOSE17.1 | SKOV3 IGROV 1 A2780 OVCAR3
43 |2119.8* | 1059.4 ,E;'?h 0.00 0.00 0174012 | 0364015 0.00 0.00
442 | 22238 | 11114 @“ 0.00 0.00 0054010 | 0104003 | 0204050 | 0.27+013
aab | 22238 | 11114 (l:?“ 0234019 | 0114014 | 0.18+0.11 | 01340.08 | 0.60+0.41 | 0.3540.26
44c | 22238 | 11114 : E 0.66 +0.20 0.86 +0.10 0.15+0.15 0.18 +0.10 0.33+0.12 0.52+0.14
-
45 | 22658* | 11324 | O- 0.00 0.00 0.00 0.06 £0.02 0.00 0.00
*0-
[
o4
46a | 22820 | 11405 . 0.00 0.00 054006 | 035:0.14 | 1.10+0.14 | 2.80+0.50
o+
a6b | 22820 | 11405 0.00 0.00 036+0.17 | 030£0.17 0.00 0.00
3 Pt
5
=
S | 47 | 2297.8" | 11484 o:‘:?“ 030000 | 053+0.14 | 0.1240.02 | 0234002 | 0014000 | 0.01+0.00
x
2
o
E | 48a | 23700 | 118455 0.00 0.00 0104019 | 0424013 | 0174019 | 0124042
o
a8b | 23700 | 11845 (t?& 0.00 0.00 0974030 | 0384024 | 1.52+0.20 | 03540.25
a8c | 23700 | 11845 : ? 2934076 | 2324019 | 0614021 | 0534035 | 0284031 | 1604044
49 | 24110 | 1205 ([CD’?& 0.00 0.00 0.03+0.00 | 0.06+0.02 0.00 0.00
50 | 2444.0° | 12215 O:IZ?& 0.76+0.40 | 131+0.26 | 097030 | 065£0.07 | 0.91+0.15 | 1.1240.06
51 | 2589.0* | 1294.0 z;:l:?" 0164005 | 0.1740.09 | 0.03+0.00 | 0.03+0.00 | 0.01+0.00 | 0.01+0.00
52 [2735.0° | 1367.0 u‘?& 0304014 | 0234011 | 0.27£0.09 | 0.0340.00 | 0.41+0.13 | 03720.03
3
53 [3026.0° | 15125 ;:‘:?k 0194010 | 0.0940.02 | 0.15+0.10 | 0.1940.08 | 0.01+0.00 | 0.01+0.00
Legend: Monosaccharide Linkage: ¢
@ Mannose @ N-acetylneuraminic acid Unknown
A Fucose [ N-acetylglucosamine 4
QO Galactose [0 N-acetylgalactosamine 3,

mass at m/z [670.3]' ", which corresponds to the composi-
tion, Gal-GlcNAc-Man-Man - loss of H,O was observed in the
MS/MS spectra of all five bisecting type N-glycan structures
as shown in Supplemental Fig. S3A-S3E. An example of
another the diagnostic p-221 fragment ion at m/z [508.3]'~
corresponding to GlcNAc-Man-Man - loss of H,O, was also

observed in the MS/MS spectrum for the N-glycan with m/z
[913.9]? (supplemental Fig. S3F).

LacdiNAc-type N-glycans—Several N-glycans specific to
only the cell membrane proteins of SKOV 3 and IGROV 1 cell
lines were also detected at low intensities, in which their
monosaccharide compositions were predicted to contain a
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; 1
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. S X x X
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10 0 T 0

45 14

D Non-cancerous ovarian surface epithelial cells (n=2)

B Ovarian cancer cells (n=4)

ns: non-significant

mixture of fucosylated, di-fucosylated and sialylated Lacdi-
NAc motifs (Table I). We identified 4 N-glycans (m/z [913.9]7,
m/z [934.4)% , m/z [1059.4)% , and m/z [1205.0)% ) that were
present in both the cell lines (supplemental Fig. S4) whereas
the remaining six N-glycans (m/z [905.9]°~, m/z [986.9]%
m/z [1007.4)>~, m/z [1059.9]°, m/z [1080.5]°", and m/z
[1132.4]>7), consisted of mono and di- fucosylated LacdiNAc
motifs that were present only in the IGROV 1 cell line (sup-
plemental Fig. S5). The representative MS/MS fragmentation
ion spectra of LacdiNAc-type N-glycan {m/z [934.4]° ) as well
as the fucosylated (m/z [1080.5]°) and sialylated (m/z
[1205.01%7) LacdiNAc derivatives are shown in Fig. 5. The
MS/MS fragmentation spectra, although at low intensities,
contained adequate fragment ions corresponding to both gly-
cosidic and cross ring cleavages to facilitate the identification
of the LacdiNAc antennae on these N-glycans. As observed in
Fig. 5A, the fragmentation spectra of the parent ion at m/z
[934.41% [(HexNAc), (dHex), +(Man),(GIcNAc),] contained a
prominent cross ring cleavage ion arising from the non-reduc-
ing terminal end of the N-glycan structure. This 'A cross-ring
cleavage ion at m/z [465.2]' ", also termed as F ion, has a
composition of GalNAc - GIcNAc-O-CH = CH-0O- (GalNAc +
GIcNAc + 597) that comprises the LacdiNAc disaccharide
and two carbon atoms of the branching Man residue. Another
pair of diagnostic ions that occurred as glycosidic cleavages
at the non-reducing end was also observed as B/Y ions (m/z
[405.2]' and m/z [1463.6]' ), clearly providing a definitive
identification of the LacdiNAc antennae. Similarly, other de-

rivatives of the LacdiNAc motif such as the fucosylated
LacdiNAc (GalNAc-(Fuc)GlcNAc) and sialylated LacdiNAc
(NeubAc-GalNAc-GlcNAc) trisaccharides were also found
to contain the B ion at m/z [551.2]' and m/z [696.3]" " for
the parent ion with m/z [1080.5]°~ [(HexNAc), (dHex);+
(Man)s(GIcNAc),] and m/z [1205.0]> [(NeuSAc),(Hex), -
(HexNAc)s(dHex), +(Man),;(GIcNAc),] respectively (Fig. 58
and 5C). The presence of the monosaccharide residue,
N-acetyl-galactosamine (GalNAc) in the PNGase F released
N-glycans was also verified through compositional mono-
saccharide analysis, which revealed trace amounts of
GalNAc in the IGROV 1 cell line that was not detected in the
other non-cancerous and cancerous cell lines (supplemen-
tal Table 2).

Gene Expression of Specific Glycosyltransferases in Ovar-
ian Cancer Cell Lines—The detection of « 2-6 sialylation and
bisecting GlcNAc in the N-glycans of all of the four ovarian
cancer cell lines as compared with the non-cancerous cell
lines may be attributed to the regulation of specific enzymes
within the glycosylation pathway, specifically the « 2-6 sialy-
latransferase (STEGAL 1 gene) and the bisecting GIcNAc
transferase (MGAT 3 gene). Similarly, the identification of the
LacdiNAc-type N-glycans, despite their low intensities, in
two of the four ovarian cancer cell lines also warranted the
investigation of specific gene expression of the various B
1-3/4 N-acetyl-galactosaminyltransferases (B3GALNT and
B4GALNT genes). To determine this, the relative transcript
abundance of these genes was investigated in the two

10
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Fia. 3. Representative extracted ion chromatograms (EIC) of monosialylated N-glycans. A, PGC- LC allows for the separation of « 2-6 and
a 2-3 sialylated N-glycans based on retention time. The EICs obtained from the ovarian cancer cell line, IGROV 1 depict two major
monosialylated N-glycans (with and without fucose), m/z [965.9]*~ [(NeuSAc),(Hex),(HexNAc),+(Man),(GIcNAc),] and m/z [1038.9]>
[(Neu5Ac),(Hex),(HexNAc),(dHex); +(Man);(GIcNAc),], which display « 2-3 and « 2-6 sialylated isomers at separate retention times (i). To
orthogonally confirm the identity of the isomers containing a 2-6 linked sialic acids, released N-glycans from the membrane proteins of
IGROV1 cells were treated with « 2-3-linked sialidase. The lower panel depicts the loss of the « 2-3 sialylated isomers for both N-glycans (ji).
B, The EICs of three monosialylated hybrid N-glycans with m/z [864.3]>~, m/z [945.3]>~ and m/z [937.3]* are represented and the separate
retention times for isomers with a 2-6-linked and « 2-3-linked sialic acid are illustrated in (1) the non-cancerous epithelial cells (HOSE 6.3) and

(2) ovarian cancer cell line (SKOV 3).
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Fic. 4. Example of a MS? fragment ion spectra depicting the diagnostic ions of bisecting GlcNAc type N-glycans in ovarian cancer cells. In
N-glycans, the p-221 ion is formed when the bisecting GlcNAc attached to the innermost Man residue is cleaved from the 6-antenna
comprising of Gal-GlcNAc-bisecting GlcNAc-Man-Man. The fragment ion resulting from this specific cleavage of the bisecting bi-antennary
N-glycan shown appears at m/z [670.3] . The insert to the right represents the extracted ion chromatogram (EIC) of neutral bisecting GIcNAc

N-glycan with m/z [994.9]*

non-cancerous and four cancerous cell lines. In addition, we
also profiled five ST3Gal sialyltransferases (ST3GAL 7-5) to
determine the corresponding expression of enzymes re-
sponsible for the N-glycans bearing « 2-3 linked sialic acid
residues, and six « 1-2/3/4/6 fucosyltransferases (FUT2-
5,8,9) that corresponded to N-glycans bearing either core
and/or terminal fucosylation. According to MIQE guidelines,
RNA integrity was based on the RNA integrity number (RIN)
of which obtained values of A,go0s0 (2.08-2.10), Assora30
(1.25-2.21), and ratio 28s/18s (2.0-2.3) indicated purified
and intact total RNA extracts. Each glycosyltransferase en-
coding gene (n = 17) and three reference genes (HSPCB,
SDHA, and YWHAZ) were examined for gPCR assay per-
formance on at least three 10-fold dilutions, ranging from a
minimum of 50 pg to a maximum of 100 ng of initial total
RNA. PCR efficiency was detected as being the lowest in
ST3GALT (83.3%) and the highest in FUT5 (120.5%). The
coefficient of determination (R?) was always = 0.910 (Table
Il). The remaining candidate genes for this study, namely

[(Hex);(HexNAc); (dHex), +(Man);(GlcNAc),] in noncancerous and ovarian cancer cell lines.

the « 1-3 fucosyltransferase 6 (FUT6), « 1-3 fucosyltrans-
ferase 7 (FUT7), and 3 1-4 N-acetyl-galactosaminyltrans-
ferase 4 (B4GALNT4) did not reveal reliable gPCR perform-
ance because of non-detectable expression of mMRNA
transcripts in all investigated cell lines (n = 6) and were
therefore excluded from this study.

The ACq of each “glyco-gene” (normalized against the log-
arithmic mean of reference genes) was applied by visualizing
and clustering “glyco-gene” expression among the tested cell
lines (Fig. 6A). The expression of ST6GALT (p < 0.001),
MGAT3 (p < 0.001), and B4GALNT3 (p = 0.015) were sig-
nificantly decreased in the non-cancerous cell lines as com-
pared with the high expression observed in the ovarian cancer
cell lines. In contrast, the non-cancerous cell lines showed
significantly increased expression of ST3GAL5 compared
with all ovarian cancer cell lines (p = 0.026). STSGAL4 was
abundantly expressed in both non-cancerous and ovarian
cancer cell lines as compared with ST3GAL3 that had vary-
ing transcript levels. The investigation of fucosyltransferase

12
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Fic. 5. Representative MS2 fragment ion spectra depicting the diagnostic ions for LacdiNAc type N-glycans in ovarian cancer cells. A,
Diagnostic ions characteristic for the identification of the HexNAc-HexNAc disaccharide, m/z [405.2] ~ and m/z [465.2] , are illustrated for the

neutral bi-antennary core fucosylated N-glycan with m/z [934.4)% [(HexNAc), (dHex);+

(Man);(GlcNAc),]. Diagnostic ions, which are charac-

teristic for terminal fucosylated LacdiNAc (m/z [551.2] ) and sialylated LacdiNAc ([696.3]7), are illustrated for N-glycans with m/z [1080.4]%~

[(HexNAc), (dHex),+(Man),(GIcNAc),] B, and [1205.0)?

encoding genes did not reveal any differential gene expres-
sion for core fucosylation (FUT8) and terminal fucosylation
(FUT2, 4, and 5) between the non-cancerous and ovarian
cancer cell lines, although a significant increase in gene ex-
pression for FUT3 and FUT9 was observed specifically in the
OVCAR 3 cell line as compared with the other cell lines.

We used both the data on the N-glycan structures contain-
ing bisecting GIcNAc and « 2-6/a 2-3 sialylation as detected
by LC-ESI-MS and the corresponding gene expression of
the selected glycosyltransferases (MGAT3, ST6GALT, and
ST3GALS) to investigate their potential correlation (Fig. 6B).
This was achieved by calculating the total relative ion inten-
sities for the bisecting GIcNAc N-glycans (n = 6 structures)
and a 2-6/a 2-3 sialylated N-glycans (n = 11 structures)
respectively, expressing them as a percentage of the total
relative ion intensities of all N-glycans from each cell line and
plotting these percentage values against the ACq of the cor-
responding glycosyltransferases. The linear dependence (R?)
obtained revealed a strong correlation between bisecting
GlcNAc and MGAT3 expression (r = 0.79) and between a 2-6
sialylation and ST6GALT expression (r = 0.76), whereas mod-
erately linear association was observed between a 2-3 sialyla-

[(Neu5Ac),(Hex),(HexNAc);(dHex), +

(Man); (GlcNAc),], respectively C.

tion and ST3GALS expression (r = 0.66). These correlations
emphasize that the specific changes in N-glycan structures
seen between non-cancerous and cancerous cells can be di-
rectly attributable to the expression of the genes responsible for
their synthesis. In particular, the bisecting GlcNAcylation and «
2-6 sialylation of the glycan structures expressed on the mem-
brane proteins of ovarian cancer cells are directly correlated
with the increased expression of the genes, MGAT3 and
ST6GALT.

DNA Hypermethylation and MGAT3 Expression—The ex-
clusive presence of bisecting GIcNAc on N-glycans from all
tested ovarian cancer cell lines highly correlated with MGAT3
expression, whereas the absence of bisecting GIcNAc in both
non-cancerous cell lines was in full concordance with the
reduced expression of MGATS3. In an attempt to understand
the molecular mechanism underlying the decreased MGAT3
transcription in the non-cancerous cells, we investigated
whether epigenetic dysregulation by hypermethylation might
be responsible for silencing the MGAT3 gene in the non-
cancerous cells. We treated the non-cancerous and ovarian
cancer cell lines with 5-aza-2'-deoxycytidine (5-Aza), an in-
hibitor of DNA methyltransferase, and tested for MGAT3 ex-
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Fia. 6. Quantitative RT-PCR of mRNA transcripts of glycosyltransferase genes and scatterplot analysis of glyco-gene expression (VIGAT3
and ST6GALT) with corresponding N-glycan structures. Gene expression levels of glycosyltransferase mRNA transcripts (n = 17) analyzed in
two non-cancerous human ovarian surface epithelial cells (HOSE 6.3 and HOSE 17.1) and four ovarian cancer cell lines (SKOV 3, OVCAR 3,
A2780, and IGROV 1). A, Normalized (ACq) and clustered “glyco gene” expression (row) among tested cell lines (column) visualized as
heatmap. Dendrogram (row) shows clusters of correlating expression. Key at the right side indicates level of expression of transcripts from high
(black) to low (white). Level of significant differences in transcript levels are indicated by asterisk (* p < 0.1; * p < 0.05; ** p < 0.001). Gene
expression profiles of MGAT3, ST6GALT and ST3GALS show positive correlation with resulting glycan phenotype as illustrated by B,
scatterplots of MGAT3, STEGAL1T, and ST3GALS “glyco gene” expression (abscissa) and their corresponding relative MS ion intensities of
bisecting GlcNAc, a 2-6 and « 2-3 sialylated N-glycan structures (ordinate). Scatterplot data points circled in dashes represent two
non-cancerous human ovarian surface epithelial cells and data points circled in dots represent four ovarian cancer cell lines used in this study.
Data represents the mean of three technical replicates.
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pression. In addition, cells were treated with Trichostatin A
(TSA), a selective inhibitor of class | and Il histone deacety-
lases to exclude the potential alteration of MGAT3 expression
by histone epigenetic involvement. Within a 2 day-treatment
period with 5-Aza, we observed a significant increase (p <
0.05) of MGAT3 transcripts in non-cancerous cell lines as
indicated by a relative MGAT3 expression of up to 324-fold
and 83-fold for HOSE 6.3 and HOSE 17.1, respectively (Fig.
7A). The reconstituted MGAT3 gene PCR product for both
non-cancerous cell lines was also visualized by agarose gel

electrophoresis (Fig. 7B). No or slightly increased MGAT3
transcript levels were observed in the serous ovarian cancer
cell lines with 5-Aza treatment except for IGROV1 cells that
showed a 6.3-fold increase. TSA treatment revealed similar
MGAT3 expression in HOSE 17.1, OVCAR3, A2780, and
IGROV1 cell lines with only minor variations in HOSE 6-3 and
SKOV3. These data suggest that inhibition of DNA methyl-
transferases by 5-Aza subsequently lead to DNA hypometh-
ylation, thereby increasing MGAT3 expression in the two non-
cancerous cell lines.
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Fia. 7. Evidence of MGAT3 gene silencing by DNA hypermethyla-
tion in non-cancerous human ovarian surface epithelial cells. To de-
termine if MGAT3 gene expression is regulated epigenetically by DNA
methylation, all cell lines were treated with 5-Aza, a DNA methylation
inhibitor, and tested for MGAT3 expression. A, Heatmap illustration of
MGAT3 gene expression (ACq) normalized for all cell lines (abscissa)
under different treatment conditions: no treatment (mock), Azacyt-
idine (5-Aza), and Trichostatin A (TSA). In both non-cancerous cell
lines, MGAT3 gene expression was significantly increased after treat-
ment with 5-Aza. Level of significant difference in transcript levels is
indicated by asterisk (* p < 0.05). Transcription levels are based on
72 h treatment period. Key at the lower right side indicates level of
MGAT3 expression from high (black) to low (white). B, Reconstituted
MGATS3 (by 5-Aza and mock treatment) and reference gene (YWHAZ)
expression in normal ovarian surface epithelial cell lines are visualized
by agarose gel electrophoresis.

DISCUSSION

Post-translational modifications on proteins, such as glyco-
sylation, offer researchers the possibility of exploring new
potential biomarkers for early ovarian cancer detection and
novel treatment options or therapies for this disease. The
acquisition of structural information pertaining to membrane
N-glycans is therefore important as it exposes new cell sur-
face membrane glycan targets or modifications that represent
key enzymatic changes that occur in cancer within the glyco-
sylation machinery. It is becoming apparent that these glycan
alterations are not necessarily the consequence of mutations
and deletions at the DNA level of the respective glycosyltrans-
ferases, but may rather be caused by epigenetic modifica-
tions to the DNA such as hyper- or hypomethylation that

regulate variable gene expression (49). In this study, we iden-
tify specific N-glycan alterations on the cell surface mem-
brane proteins of serous ovarian cancer cell lines that corre-
late with differential gene expression of the corresponding
glycosyltransferase-encoded genes. We also show that the
primary glycosyltransferase alteration is epigenetically regu-
lated via DNA methylation.

A defining N-glycan structural feature unique to the ovarian
cancer cell lines analyzed in this study was the presence of
bisecting N-acetylglucosamine on several complex N-gly-
cans, representing 5%-13% of the total N-glycans across
four ovarian cancer cell lines. To our knowledge, no study has
investigated bisecting GlcNAc structures on membrane pro-
teins of serous ovarian cancer and normal human ovarian
epithelial cells using nanoESI-LC-MS/MS to directly identify
the presence of this determinant without the use of monoclo-
nal antibodies or lectins. In a previous study by Wong et al.
(2003), mono-fucosylated, bisecting GlcNAc N-glycans were
identified on CA125, which was isolated by gel filtration from
the conditioned media of the serous ovarian cancer cell line,
QOVCAR 3 (50). The authors confirmed the presence of bisect-
ing GlcNAc using gas chromatography mass spectrometry
(GC-MS) linkage analysis that identified a 3,4,6-linked Man
residue of the N-glycan core, implying the presence of the
4-linked bisecting GlcNAc. For the first time, we have dem-
onstrated that the expression of bisecting GIcNAc on N-linked
glycoproteins is correlated with the expression of the MGAT3
gene that expresses the enzyme that adds this monosaccha-
ride in a B 1-4 linkage to the core of the N-glycans. This is
consistent with a previous study using mouse models (n = 9)
and human fresh frozen tissue samples (n = 5), in which there
was elevated mRNA expression of MGAT3 in endometrioid
ovarian cancer in both species types as compared with nor-
mal ovaries (51). The authors used the lectin, phytohe-
meagglutinin E (E-PHA), which has specificity toward binding
to bisecting-type N-glycan determinants on glycoproteins.
Positive staining for E-PHA was detected in normal controls
and more than 2-fold increase of bisecting GlcNAc was de-
tected in the ovarian cancer tissue samples (51). In our study,
however, bisecting GlcNAc was completely absent in both
non-cancerous cell lines and comprised up to 13% of the
N-glycans in the cancer cells. The quantitative difference in
observation could be caused by nonspecific cross reactive
binding of the lectin or the variation in glycosylation of pro-
teins between cell lines and tissues.

Importantly, this study provides strong evidence that the
bisecting GlcNAc N-linked structures on the membrane pro-
teins of serous ovarian cancer cells are a consequence of
DNA hypomethylation. The suppression of MGAT3 in non-
cancerous cell lines was shown to be, at least partly, because
of epigenetic silencing by DNA hypermethylation as evi-
denced by the reconstitution of the MGAT3 gene expression
after 5-Aza treatment. The enzyme, GnT-lll, encoded by the
MGAT3 gene, is thus responsible for producing bisecting-
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type N-glycans on the proteins of epithelial ovarian cancer celi
lines. Bisecting GlcNAc addition has been thought to sup-
press metastasis by preventing the addition of branched-type
complex N-glycans (62-54). This correlates strongly with our
finding of an increased proportion of complex type N-glycans
in the non-cancerous cells as compared with the serous ovar-
lan cancer cells. A recent study demonstrated that MGATS
mediated E-cadherin N-glycosylation is involved in epithelial-
messnchymal transitions and their findings point to an in-
volvement of DNA methylation as a regulatory mechanism of
MGAT3 (85). This supports our finding that the expression of
bisecting GlecNAc on the entire M-glycoproteome is indeed a
rasult of DNA hypomethylation of AMGATT transcriptional reg-
ulatory elements in serous ovarian cancer cells. However, the
precise DNA region of the MGAT3 gene that is affected by the
hypomeathylation is still under investigation as our preliminary
method optimization has been hampered by the high amount
of GpG islands surrounding the gene. It is possible that there
are other factors besides DNA hypomethylation of MGAT2
that can also stimulate the expression of MGATS in all four
serous ovarian cancer cells, although histone methylation
does not appear to be significantly involved. Apart from DNA
methylation, nucleosome occupancy is another regulatory el-
ement, in which nucleosome positioning couid potentiaily in-
fluence the gene activation of MGAT32 and thus regulate
MGATS expression. Studies have shown that both these epi-
genetic machanisms form a combinatoral epigenstic profile
of a genomic locus and are becoming increasingly associated
with cancer (56, 37).

The other differsnce in the glycosylation of the Al-linked
glycans on the ovarian cancer cell glycoproteins was the
exclusive expression of o 2-6 linked sialic acids. Sialylation of
M-glycans is an important modification in cellular gliycosyla-
tion and alterations in sialyliransferase expression have been
implicated in tumor progression and metastasis (58). The
sialylation of N-glycans is determined by the concerted action
of sialyltransferases, which are classified into four families
based on the specific linkage of the sialic acid residue trans-
ferred to the glycan substrate (58). The enzyme investigated in
this study, STBGALT, terminally sialvlates Galgl-4GIlcNAcH
motifs on N-glycans and the correlated overexprassion of this
gene in the serous ovarian cancer celis as compared with the
non-cancercus cells is consistent with other findings reported
for colorectal (B0, breast (81), cervical (B2), liver (83), and
ovarian cancers (58). The presence of hybrid and complex
MN-glycans bearing o 2-8 sialylation in ovarian cancer cell lines
is also in good agreement with another mass spectrometric-
based analysis on the total serum glycome that revealed that
« 2-6 sialylation of acute-phase glycoproteins in ovarian can-
cer patients’ serum increased proportionally as compared
with o 2-3 sialylation (84). The functional role of STEGALT-
mediated sialylation of membrane proteins is vet to be fully
understood although it has been shown that « 2-8 sialylation

of membrane-associated {3, integrins in ovarian epithelial celis
induces increased adhesion and invasive polential (65).

The contrasting prevalence of w 2-3 sialylation on mem-
brane M-glycans in non-cancerous compared with ovarian
cancer cells could be attributed to the overlapping enzyme
specificities of the STIGAL sialyltransferase family (66). Three
of the five STSGAL sialyltransferases (ST3GAL3, ST3GAL4,
and STIGALS) profiled in this study are known to sialylate the
Galf1-3/4GIcNAcA motif on glycoproteing and glycolipids
B87-89). The preferentlal expression of ST3GAL4 over
STIGALS in all six tested cell lines in this study is consistent
with results from the previously mentioned study using normal
and serous ovarian cancer tissues (58). It is also interesting to
note that the sexpression of ST3GALS, was significantly re-
duced in all four ovarian cancer cell lines. The enzyme has
also been reported to act exclusively on Galpi-4Gle-Cer
rmotifs on glycolipids, giving rise to the synthesis of the o 2-8
sialylated gangliosids, GM, (70). Because our study was lim-
ited to the changes on the mambrane N-glycoproteins, it will
be worthwhile extending the scope of cur analysis in the
future to also investigate the differential expression of glyce-
lipids in ovarian cancer.

Ancther exciting feature of this study is the presence of the
“NN -dimcetyl-lactosamine” (LacdiMAc) molif observed in
some of the N-glycans of the ovarian cancer cell lines. This
terminal modification, which also has been reported to occur
as o 1-S-fucosylated (71, 723, 4-O-sulfated (73), or sialylated
{74} derivatives, is less well understood as compared with the
N-acelyl-lactosamine type antennae (LacNAc; Gal-GicNAC),
LacdiNAc-type M-glycans have been found on various mam-
malian gliycoproteins such as the pltuitary luteinizing hormone
{75), glvcodselin {786), and tenascin-R (77) as well as in other
non-mammalian hosts such as the human parasite, Schisfo-
sama mansonf (72}, This disaccharide (GalNAcA1-4GlcNAg)
is synthesized by the action of specific f4- GalNAc trans-
ferases, F4GalNACT3 and A4GalNAcT4, which are differently
exprassed in varlous organs of the human body such as the
stomach, colon, testes, and ovaries (78, 791 Studies have
shown that this motif is also present in some N-glycans of
turnor-associated glycoproteins such as secreted tissue plas-
minogen activator from Bowes melanoma cells {(80) and se-
creted ribonucleass | from pancreatic tumor cells (81). Inter-
sstingly, this motif has been previously described in ovarian
cancer in which LacdiNAc-type N-giveans were identified in
SKOV 3- derived recombinant human ERPO and endogenous
glycoproteins of SKOV 3 cell lines using positive mode
MALDE-TOF-TOF mass spectrometry (82). In addition to the
identification of LacdiNAc, as well as sialylaled LacdiNAc
motifs, on membrane proteins using negative mode mass
spectrometry in our study, the exclusive presence of fucosy-
iated LacdiNAc-type N-glycans and the corresponding in-
crease in gene expression of BAGALNTS in the IGROV 1 csll
line appear to be of significant interest. This is particularly
because of the mixed histological classification of the tumor
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(endometrioid and serous) from which this IGROV 1 cell line is
derived as compared with the rest of the ovarian cancer cell
lines, which are mainly derived from serous type tumors. This
observation, togsther with the recent findings of fucosylated
as well as sulfated LacdiNAcs in a clear cell ovarian cancer
cell line, RMG-1(73), further substantiates the need to explore
the significance of this motif, not only as a possible biomarker
but also to aid in the differentiation between various histolog-
ical subtypes of ovarian cancer.

The high mannose structures observed to comprise a
greater proportion of the protein N-glycans in all four ovarian
cancer cell lines were the most abundant structures as com-
pared with the other N-glycan subgroups. A similar study
involving cytosolic glycoproteins from breast cancer cell lines
also showed that high manncse N-glycans were significantly
elevated in invasive and noninvasive breast cancer cells as
compared with the normal breast epithelial cells (83). Al-
though it remains unclear whether high mannose glycans are
a common feature of most cultured cell lines, the presence of
high mannose structures reported here correlates with the
study by Jacob et al. (2012) who showed that naturally oc-
curring anti-glycan antibodies such as anti-Man, present in
ovarian cancer patients’ plasma exhibited specific binding of
high mannose structures using a printed glycan-array tech-
nology (23). A recently developed monoclonal antibody,
TM10, has also been shown to have specificity toward high
mannose N-glycans on glycoproteins derived from human
cancer cell lines, ranging from melanoma, prostate, breast,
and ovarian cancer cell lines including SKOV 3 (84). One
particular study indicated that cancer cells derived from A431
human squamous carcinoma cell line displayed high-man-
nose EGFR precursors on their cell surface because of their
incomplete processing in the Golgi apparatus (85). Hence, itis
possible that the synthetic processing of the N-glycans by the
addition of other sugar residues to form complex structures
on the cell surface membrane glycoproteins appears to be
inhibited in cancer cells and this, together with the presence
of bisecting GlcNAc, may explain the relatively low proportion
of complex neutral and sialylated N-glycans observed in our
study for the ovarian cancer cells.

At present, ovarian cancer treatment options are limited to
only cytoreductive surgery and platinum-based chemother-
apy of which more than 80% of patients undergo relapse
caused by chemotherapy resistance (42). Attempts aimed at
prolonging the remission of this disease and improving sur-
vival rates must be intensified through the development of
novel biomarkers or molecular drug targets (86). The cell lines
selected for this study, particularly the non-cancerous human
ovarian surface epithelial cells, are representative of the cell
line models currently used for studying ovarian cancer (31).
Despite their potential utility, factors such as cell culture con-
ditions and established choice of media may contribute to
underlying cellular differences that must be taken into con-
sideration in any in vifro- based studies. The determination of

specific structural and isomeric changes specific to ovarian
cancer-associated membrane-derived N-glycans described
in this study provides evidence for the potential of glycan
candidates to detect and potentially treat ovarian cancer ma-
lignancy that must be further investigated in vivo. Further-
more, we highlight the importance of epigenetic modifica-
tions, such as DNA methylation, in ovarian cancer that is now
shown to be pivotal in understanding the complex interplay
between cellular glycosylation and glycosyltransferase ex-
pression.
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2.1 Supplementary Data

Supplementary Table 1

Characteristics HOSE 6.3 HOSE 17.1 SKOV 3 IGROV 1 A2780 OVCAR 3
Disease ND ND Ovarian Ovarian Ovarian Ovarian
carcinoma carcinoma carcinoma carcinoma
Source Human Human Human Human Human Human
Tissue Origin Normal ovary Normal ovary Ovary; Right ovary Ovary Ovary;
ascites fluid ascites fluid
Histology - Serous Mixed; Serous Serous
endometrioid
and serous
Age of Patient NA NA 64 47 NA 60
(Yr.)
Immortalization | Yes; HPV16 E6/E7 Yes; HPV16 E6/E7 No No No No
genes (retroviral genes (retroviral
vector) vector)
Culture Media MCDB 105:M199 MCDB 105:M199 RPMI 1640; RPMI 1640; RPMI 1640; | RPMI 1640;
(1:1, v/v); 10% FBS | (1:1, v/v); 10 % FBS 10 % FBS 10 % FBS 10 % FBS 10 % FBS
Morphology Epithelial; adherent | Epithelial; adherent Epithelial; Epithelial; Epithelial; Epithelial;
monolayer monolayer adherent adherent adherent adherent
monolayer monolayer monolayer monolayer
Tumorigenicity Non-tumorigenic Non-tumorigenic Tumorigenic Highly Tumorigenic | Tumorigenic
in nude mice tumorigenic
References (1) (1) (2-5) (2,5,6) (2,5,7) (2,5)
Keywords:

ND: Non-diseased NA: Not available HPV: Human papillomavirus oncogenes

Source, clinical and pathological features of the two human immortalized ovarian surface epithelial
cell lines and four epithelial ovarian cancer (EQC) cell lines used in this study. The ovarian cancer cell
lines have been selected based on their serous histotype which represents the major subtype of

ovarian cancer.
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Supplementary Table 2

Non-cancerous cell lines

Ovarian cancer cell lines

Amino HOSE63 | HOSE17.1 | SKOV3 | IGROV1 | A2780 | OVCAR3
Monosaccharides
(nM /pl) (M /)
GIcNAC 132.543.0 | 215.840.75 | 77.0+15 | 203.0+15 | 113.5¢13.4 | 126.5+12.7
{GalNAc) nd nd nd 9.3+3.25 nd nd

Monosaccharide amino analysis of hydrolysed N-glycans extracted from membrane glycoproteins of
non-cancerous and ovarian cancer cell lines using high performance anion-exchange with pulsed
amperometric detection (HPAEC-PAD). The values are represented as mean + SD values of duplicate
measurements for each analysis. Abbreviations are indicated for the following: GlcNAc: N-acetyl-
glucosamine; GalNAc: N-acetyl-galactosamine and nd: not-detected.
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Supplementary Figure 1
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. Sialylated N-glycans containing a2-6 and a2-3 sialic acids

Extracted ion chromatograms (EIC) of monosialylated and di-sialylated biantennary complex N-
glycans containing isomers with a 2-6-linked sialic acid are illustrated for m/z [1038.9]" (A), m/z
[965.9]* (B) and m/z [1184.5]2'((2) while the isomer containing both the a 2-6 and a 2-3-linked sialic
acids is shown to be eluting at 61 mins for m/z [1184.5]% (C). These isomers were found to be
present in cancer cells (SKOV 3, IGROV 1, A2780 and OVCAR 3) and are indicated by the shaded
boxes.
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Supplementary Figure 2
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. N-glycans containing bisecting-GlcNAc

Extracted ion chromatograms (EIC) of bisecting-type complex N-glycans with m/z [840.8]> (A), m/z
m/z [913.9]%(B), m/z [921.9)*(C), m/z [994.9]*(D), m/z [1140.5]*(E) and m/z [1177.5]*(F) were
found to be present in cancer cells (SKOV 3, IGROV 1, A2780 and OVCAR 3) and are indicated by the
shaded boxes.
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Supplementary Figure 3
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Supplementary Figure 4
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N-glycans containing LacdiNAc motifs

Extracted ion chromatograms (EIC) of LacdiNAc-type complex N-glycans identified in ovarian cancer
cells (SKOV3 and IGROV1) with m/z [934.4]" (A), m/z [913.9]” (B), m/z [1059.4]*(C) and m/z
[1205.0]%(D) as indicated by the arrows.

110 | Chapter II



Supplementary Figure 5
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Extracted ion chromatograms (EIC) of LacdiNAc-type complex N-glycans identified in IGROV 1
ovarian cancer cells with m/z [905.9]*(A), m/z [986.9]*(B) and m/z [1007.4]*(C), m/z [1059.9]*(D),
m/z [1080.5]*(E) and m/z [1132.4]*(F) as indicated by the arrows.
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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, OVCARS, A2780) exhibit differences in their
cellular membrane protein glycosylation protiles

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, 02-6 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 GIcNAc-
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 a2-6 sialylation, bisecting GlcNAc and
LacdiNAc-type glycans correlate with their cellular expression of ST6GALI,
MGATS and B4AGALNTS3 genes, respectively.

The presence of bisecting GlcNAc¢ N-glycans on ovarian cancer cells is thought to be

epigenetically regulated through DNA hypomethylation of MGATS3 gene.
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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) identity 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.



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 (ATHW, 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 retlective 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 Le% NeusAca2-3GalB1-3(Fucal-
4)GlcNAcP and sialyl LeX; NeusAca2-3GalB1-4(Fuca1-3)GleNAcB] which have been shown
to correlate with tumour progression and metastasis (Narita, Funahashi et. al, 1993;
McEver, 1997; Nakagoe, Fukushima ez. 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 a2-6 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 diftferential 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 difterences 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 identity 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 (1) 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 (iil) 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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Tumour Discriminant
Cohort No Patient!D | Age | BloodType | stage/Grade 1-Diagnosis 2-Tissue Source BRCA Carrier
1 S69 52 n/3 Serous ovarian cancer Left ovary
2 570 58 0 /3 Serous ovarian cancer Right ovary
3 S75 61 A /3 Serous ovarian cancer Right ovary
4 $102 66 /3 Serous ovarian cancer Left ovary
5 5308 47 0 /3 Serous ovarian cancer Omentum
6 S450 56 A Iv/3 Serous ovarian cancer Right ovary
7 $520 77 A 111/ unknown Serous ovarian cancer Qvary
8 §565 57 /3 Serous ovarian cancer Right ovarian mass
Sydney 9 §153 67 /3 Serous peritoneal cancer Omentum
10 $155 62 /2 Serous peritoneal cancer Omentum
11 5164 87 /3 Serous peritoneal cancer Peritoneal mass
12 $362 77 A n/3 Serous peritoneal cancer Omentum
13 S366 61 A /2 Serous peritoneal cancer Cancer mass
14 S418 73 0 Iv/3 Serous peritoneal cancer Left ovary
15 $521 56 B unknown/ 3 Serous peritoneal cancer Omentum
16 S524 83 A /3 Serous peritoneal cancer Omentum BRCAL
17 S467 66 0 /3 Serous tubal cancer Left ovary
18 5448 77 /3 Serous tubal cancer Ovary
19 6 65 0 /3 Serous ovarian cancer Ovary
20 L6 63 B /2 Serous ovarian cancer Qvary
21 217 63 B I1l/ 3 Serous ovarian cancer Qvary
2 55 56 Serous ovarian cancer Right ovary
3 21 67 A Iv/3 Serous ovarian cancer Right ovary
L 210 78 A n/3 Serous ovarian cancer Right ovary
) 25 L11 78 A n/3 Serous peritoneal cancer Omentum
Switzerland - -
26 L13 71 A /3 Serous peritoneal cancer Peritoneum
27 L15 67 0 n/3 Serous peritoneal cancer Omentum
28 L18 60 0 /3 Serous peritoneal cancer Omentum
29 L8 69 0 /3 Serous peritoneal cancer Omentum
30 230 71 0 Iv/3 Serous peritoneal cancer Omentum
31 5 66 A Iv/2 Serous tubal cancer Omentum
32 122 65 A /3 Serous tubal cancer Left tube

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 °C
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
0.45 filter unit and placed into a 1.5 ml Eppendort collection tube. A volume of 500 pl 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

buftered 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-HCI, 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 °C. 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 °C. After discarding the supernatant, 140
ul of Tris binding bufter was added into each sample to re-suspend the membrane pellet. A
volume of 450 pl 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 °C 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 °C. The detergent-soluble membrane proteins were
precipitated from the lower layer with 1 ml of ice-cold acetone and left overnight at -20 °C.
Precipitated membrane proteins were pelleted by centrifugation at 1000 x g for 3 mins and

solubilised in 10 pl 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). Brietly, ~30
pg of membrane proteins and a glycoprotein standard (10 pg of fetuin) were spotted (2.5 ul 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 pl of blocking bufter was added. The wells
were washed with MilliQ water after removing the blocking bufter and PNGuase IF enzyme (2
pl of 1 U/ul PNGase F and 8 pl of MilliQ water) was added to each well. A volume of 10 pl
MilliQ water was added and the microtiter plate was sealed with parafilm prior to an
overnight incubation at 87 °C. After sonication of the plate for 10 mins, approximately 20 pl
of released N-glycans were collected and transferred to a new Eppendort tube, together with
combined washings (50 ul of MilliQ water, twice) from each sample well. To regenerate the
reducing terminus of the released N-glycans, 20 pl of 100 mM ammonium acetate (pH 5.0)
was added to each sample (~120 pl) and kept at room temperature for 1 h. After evaporation
of the samples, the released N-glycans were reduced to alditols with 10 pl of 2 M NaBH4 in
50 mM KOH and 10 pl of 50 mM KOH at 50 °C for 2 h and the reduction was quenched
using 2 ul of glacial acetic acid. For purification of N-glycan alditols, 45 ul of cation
exchange resin beads (AG50W-X8) were deposited into reversed phase u-C18 ZipTips
(Perfect Pure, Millipore) placed in individual microfuge tubes. Approximately 20 pl of N-
glycan alditols were applied to the column, eluted with MilliQ water (50 pl, twice) and dried.
Residual borate was removed by drying the samples under vacuum after the addition of
methanol (100 pl, thrice). The purified N-glycan alditols were re-suspended in 15 pl 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 pl
methanol and further subjected to reductive B-elimination of the O-linked oligosaccharides

by treating the spots with 2.0 pul 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 °C. The

reaction was quenched using 2 pl 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 pm Hypercarb KAPPA, 180 um 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 pl and 4 ul for N-
and O-glycans respectively, and the flow rate was set at 2 pl/ 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 °C and the capillary voltage was set at 3 kV. N- and O-glycans were
detected in negative ionisation mode as [M-H7!- and [M-2H7* 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
tallopian 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 O-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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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 wia 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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Clinical Tissue Specimens

1) Serous Ovarian Cancer (n=14)
2) Serous Peritoneal Cancer (n=14)
3) Serous Tubal Cancer (n=4)

Triton-X114 Membrane istical luati
. s
e p— Statistical Evaluation

v
d ’—' Principal Component Analysis (PCA) <—|
N- and O-Glycan Alditols
Discriminant 1 Discriminant 2
(classification of cancers based (classification of cancers based
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PGC-LC-ESI-MS/MS
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1 One Way ANOVA
N- and O-Glycan l
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(ROC)

Relative Quantification

Identification of Disciminatory Glycans

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
lonisation 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 B-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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Average Relative Intensity (%)
Glycan Mass 2
Type | No (M-H] [M-2H]™ | Glycan Structures | Serous Ovarian Cancer | Serous Peritoneal Cancer | Serous Tubal Cancer
(n=14) (n=14) (n=4)

1 1235.4 617.2 b.. 2.08+0.70 1684129 3.08+096
b

8| 2 1397.6 698.3 2764127 2104131 2.48+170
&
=
<

.:%n 3 1559.6 779.3 o 3.20+1.80 245+141 3.42+1.59
»
c
B

%‘; 4 1721.6 860.3 4.02+2.02 3.82+247 471+230
2

5 1883.8 941.4 ?" 5.40+3.33 5.80+4.28 6.88+3.41

6 2045.6 1022.3 % ; 0.39+0.17 0.38+0.23 0.47+0.22

7 1567.6 783.3 ‘p?.. 0.12+0.29 0.28+0.46 0.22+0.44

7a 1567.6 783.3 \)?’“ 0.76+0.38 0.51+0.32 0.60+0.14

8 1584.6 791.8 :?-h 0.04+0.09 0.05+0.13 0.07+0.09

9 1600.6 799.8 %“ 0.72+0.40 0.62+0.22 0.76+0.23
3

:I>:‘- 10 1713.6 856.3 0.40+0.58 0.23+0.59 0.20+0.42
n
c
S

%‘; 10a 1713.6 856.3 \)?h 0.91+0.52 0.49+0.60 0.86+0.54
2

1 17296 864.3 ;’k 0.48+0.32 0.42+037 0.53+0.85

11a 1729.6 864.3 Qh 0.58+0.23 0.64+0.31 0.75+0.54

12 1746.6 872.8 }k 0.01+0.03 0.1+0.10 0.07+0.08

13 1875.6 937.3 ;}k 0.30+0.40 0.19+022 0.32+030

13a 1875.6 937.3 \:?h 0.45+0.35 0.10+0.15 0.73+0.41

Table 2A
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Average Relative Intensity (%)
Glycan Mass o
Type | No . [M-2H]™ | Glycan Structures | Serous Ovarian Cancer | Serous Peritoneal Cancer | Serous Tubal Cancer
[M-H]
(n=14) (n=14) (n=4)

14 1891.6 945.3 }“ 0.63+0.44 0.49+0.40 0.57+0.36
143 18916 9453 ‘2?“ 0.67+0.33 0.57+031 0.75+037
15 1787.6 8933 Z?k 2514159 3.05+158 1944015
16 1666.4 832.8 ._?h 1.07+0.94 0.83+0.41 0.62+0.20
17 16416 820.3 Z?“ 0.99+0.75 1.10+0.44 0.86+0.47
18 1463.6 7312 ?k 103+0.77 1154071 102+0.66
19 20068% | 10029 | oW |Z?"" 0.04+0.10 0.06+0.11 0.01+0.03

Tl o 1625.6 8123 C‘?k 1.40+0.82 1.40+0.69 1104035

L

o

2

3| n 21528 | 10759 o-l-lZ?h 0.32+0.42 0.45 +0.46 0.34+0.30

o

£

o

Q

@ | 2 2518 1258.5 Z@h 0.06+0.11 0.06+0.08 0.09+0.15

8

>

W

2| n 1828.8 9139 z?h 0.48+0.63 0.14+0.49 0.58+0.42
23 1828.8 9139 D%k 1.78+0.88 1.71+0.70 1.41+0.66
% 15208 759.9 ?ll 0.36+0.52 0.26+0.17 0.18+0.28
5 1990.8 994.9 }k 114+033 1.76+0.84 1264078
2% 1479.6 739.3 ?" 0.20+0.33 0.33+0.26 0.34+0.28
27 1682.6 840.8 D%H 0.29+0.25 0.39+021 0.16+0.25
28 18448 921.9 Z%n 0.17+0.10 0.20+0.18 0.07+0.08

Table 2A
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Average Relative Intensity (%)
Glycan Mass 2
Type| No [M-H] [M-2H]™ | Glycan Structures | Serous Ovarian Cancer | Serous Peritoneal Cancer | Serous Tubal Cancer
(n=14) (n=14) (n=4)

29 1869.8 934.4 E?L 0.32+0.54 0.13+0.27 0.31+0.63
30 2136.0 1067.5 :?}- 0.19+0.24 0.14+0.15 0.00
31 1916.6 957.8 § 0.47+0.35 0.38+0.38 0.65+0.37
31a 1916.6 957.8 & § 0.42+0.22 0.41+0.37 0.40+0.16
32 19328 965.9 § 153+3.15 1.80+3.80 161+3.94
2a | 19328 965.9 {?“ 6.29+3.14 7.88+3.78 857+353
33 2078.8 1038.9 § 4.70+3.90 6.34+4.27 5.00+3.40

o

% 33a 2078.8 1038.9 430+2.40 6.08+2.50 3.76+1.20

>

1]

2

ﬁ 34 2223.8 1111.4 0.96+0.28 0.74+0.60 0.48+0.77

=

E

S ¢

- 34a 2223.8 11114 & 1.57+3.20 2.00+1.24 1.67+0.50

B

[

>

™

2 | 34b 2223.8 1111.4 16.41+5.16 18.02+8.80 18.01+10.49
35 2370.0 1184.5 7.34+5.50 3.80+2.80 4.28+5.26
35a 2370.0 1184.5 ::[ ? 2.59+1.32 3.63+185 2.52+1.15
35b 2370.0 1184.5 @L 414+1.94 3.60+1.97 3.00+0.53
36 2282.0 1140.5 1.47 +0.60 1.33+0.67 1.77+0.80

* -
37 2297.8 1148.5 om 0.25+0.30 0.41+0.52 0.27+0.18
38 17708 884.9 'c’?“ 0.65+0.28 0.70+0.27 1324087
Table 2A
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Average Relative Intensity (%)
Glycan Mass ~
Type | No [M-HT [M-2H] Glycan Structures | Serous Ovarian Cancer | Serous Peritoneal Cancer | Serous Tubal Cancer
(n=14) (n=14) (n=4)
39 2158.8 10789 | s [ “;?'h 0.18+0.19 0.48+1.42 0.19+0.00
40 2160.8 1079.9 ’3?& 0.21+0.22 0.01+0.05 0.00
B
a 2265.8% | 11325 o 1.2241.70 0.41+0.67 0.43+0.53
oo
42 2119.8% | 10594 | & ' :?‘h 0.93+1.73 0.19+0.41 0.85+0.62
423 2119.8 1059.4 0.41+0.49 0.42+0.35 0.13+0.21
S| 4 1974.0 986.5 0.24+0.19 0.27+0.31 0.10+0.12
m
>
m
2
x | 2573.0 1286.0 0.74+0.51 0.44+0.21 055 +0.43
=
E
o
b 4
& | 45 2411.0 1205.0 0.83+0.48 0.14+0.36 0.34+0.40
§ «
>
g -
2| 4% 2444.0* 12215 | om Z?h 1.15+0.80 161+0.70 1.44+0.75
29~
47 2589.0* 129 | om ?“ 0.38+0.25 0.52+0.36 0.48+0.33
48 3026.0* 15125 | 2o Z?& 0.65+0.34 0.71+0.55 0.56+0.38
2X @
49 2735.0* 1367 | om Z?k 0.84+0.40 1.07 +0.42 0.79+0.43
50 2809.2* 1404.1 0—|@|‘ 0.10+0.11 0204027 0.25+0.21
. 2x4-
51 2881 1440 ._l@-l‘ 0.78+0.36 0.88 +0.64 0.69+0.67
52 3101.2* 15501 |, "l@a‘ 0.13+0.16 0.20+0.17 0.23+0.15
b ol
53 895.4 - com 0.62+0.74 0394022 065062
g
o
£
G | 54 911.4 - 0.46+0.25 0.37+0.24 0.40+0.22
§ Soma + + +
]
3
&
55 1057.4 - :,.l\. 0.77+0.59 0.47 +0.32 0.85+0.59
Table 2A
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Glycan Average Relative Intensity (%)
Type| No | Mass | [M-2H]" | GlycanStructures | SerousOvarian Cancer | Serous Peritoneal Cancer | Serous Tubal Cancer
[M-H]" (n=14) (n=14) (n=4)

1 675.3 - j:l 41.70+23.57 36.50+14.19 28.00+11.43
=
g
8 2 966.3 - 35.90+20.17 39.19+16.98 43.61+22.14
-

c

©

5. s)

o 3 755.3 - 2.06+1.03 2.30+0.90 0.27+0.00
1

Q

4 530.2 - {:l 3.83+0.00 0.00 0.00

5 749.3 - | 2.20+1.77 3.45+2.12 4.08+3.81
P [ 1040.5 - 9 [ 6.50+7.26 10.58 1 7.07 9.50+3.75
~ :>:|
]

A

<]

g

@ | 7| 1315 | 6653 ’/?:' 4.08+6.14 6.50+5.47 10.09+9.16

T

9

>

o s

1

Q| 8 | 123 - 53 2.32+4.00 1.48 +0.92 1.62+1.87
(S)

9 1411.4 705.2 ]:] 1.41+0.00 0.00 2.83+3.82
Legend: Meonosaccharide Linkage:
@ Mannose (Man) @ N-acetylneuraminic acid (Neu5Ac; sialic acid) R
A Fucose (Fuc) [l N-acetylglucosamine (GlcNAc) 4%

O Galactose (Gal) [ N-acetylgalactosamine (GalNAc) 3
S Sulphate 2

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 (Galf1-8GlcNAc) or Type 2 (Galpf1-4GleNAc)
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)7]. 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-2H7?. 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)7] 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-H7]*-. Doubly charged

[M-H72 ion with m/z 705.2!- 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
tailed 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
(GIcNAc attached to al-3 or al-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

classity 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 965.9% and m/z 1038.9% (Table 2A: #32, #32a, #33 and #33a) and di-
sialylated N-glycans, m/z 1111.4* and m/z 1184.5% (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)7.

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 675.8'- [(Neu5Ac):(Gal):(GalNAc),] and m/z 966.3'- [(NeusAc). (Gal),
(GalNAc), ] 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 diftferences 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 945.3% [(Neu5Ac);(Gal)i(GlcNAc),(Man).+(Man)s
(GleNAc)o] and m/z 965.9%- [(NeusAc),(Gal)o(GleNAc)o+(Man)s(GleNAc), |, respectively
were found to contain isomers with terminal a2-3 or a2-6-linked sialic acids which were able
to be diftferentiated based on their chromatographic retention times as shown in Figure 6A
(i) and (ii). For both these N-glycans, the sialylated a2,6-linked glycan was shown to elute
from the porous graphitised carbon column approximately 8 minutes earlier than the
sialylated a2,3-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 1111.4> [(NeusAc)s(Gal)o(GlcNAc)o+(Man)s
(GleNAc), ] was also found to comprise of structural isomers bearing 02-3 or/and a2-6 sialic
acid linkages. For this N-glycan, the most abundant bi-antennary di-sialylated 02,6-linked
glycan (02,6/02,6-) isomeric structure eluted from the column earlier than the remaining
two structural isomers containing 02,6/02,3- and 02,3/02,3- 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 783.3%, m/% 856.3%, m/%
864.3%, m/z 937.8%, m/z 945.3%"), of which the 02-6 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 957.8%, m/z 965.9%
and m/% 1038.9%) and di-sialylated (m/z 1111.4% and m/z 1184.5%) complex-type glycans,
which displayed 02-6 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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serous peritoneal (n=14), serous tubal (n=4)7.
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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 B1-2-linked GlcNAc (N-acetylglucosamine) residues by the enzyme
GIcNACT-II on both the a1-3 and al-6-linked Man residues of the N-glycan core
[(Man)s(GlcNAc). ] 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 820.3% and m/z 893.3%") (Table 2A: #17
and #15) and sialylated (m/z 965.9%, m/z 1038.9%, m/x 1078.9%*, m/z 1111.4%- and
m/z 1184.5%)(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, GIcNAcT-IV and GlcNAcT-V to
form P1-4- and B1-6-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 1002.9%, m/z 1075.9%, m/%
1221.5%, m/z 1367.0%, m/z 1148.5%, m/z 1512.5%, m/z 1294.0%, m/z 1440.0*) (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 1258.5%, m/z 1404.1>- and m/z 1550.1%) (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).
¢) 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 GIlcNAc residue is attached to the
innermost mannose of the N-glycan core by the action of a specific enzyme, B1-4-N-acetyl-
glucosaminyltransterase III (GlcNAcT-III), encoded by the MGATS3 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 759.9%, m/z 840.8%- and m/z
918.9%7) (Table 2A: #24, #27, and #23a), bi-antennary bisecting (m/z 921.9% and m/z
994.9%") (Table 2A: #28 and #25), mono-sialylated bi-antennary bisecting (m/z 986.5%, m/z
1059.4%, m/% 1067.5% and m/z 1140.4%*) (Table 2A: #43, #42a, #30 and #36) and di-
sialylated bi-antennary bisecting (m/z 1286.0%) (Table 2A: #44) N-glycans. The presence
of the ‘bisecting’” GlcNAc group is characterised by a diagnostic D-221- [203- (mass of
bisecting GIcNAc) + 18(H20O)] 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 670.1'- which corresponds to the loss of the GIcNAc 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 670.1'- which
corresponds to the composition, Gal-GlcNAc-Man-Man-18- (H.O) was observed in the
MS/MS spectra. In Figure 7D, the D-221- ion was observed as m/z 508.1, for the
agalactosylated N-glycan with m/z 759.9%, thereby corresponding to the mass of GlcNAc-
Man-Man-18- (H:0).

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 1440.1%) (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 1550.1%) (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
530.2'- (Table 2B: #4), in which the MS/MS fragment spectrum tentatively identified this
structure to contain the fucose a1-2-linked to the Gal residue as evidenced by the B and C

fragment ions at m/z 307.1'- and m/z 325.1'- respectively (Figure 8A).
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Figure 7. Representative MS? fragment ion spectra depicting the diagnostic ions of bisecting GIcNAc type N-glycans in serous cancers. A bisecting-type N-glycan is formed

when a GIcNAc residue is attached to the innermost mannose of the N-glycan core by the action of a specific enzyme, f1-4-N-acetyl-glucosaminyltransferase III (GleNAcT-III).

In N-glycans, the diagnostic ion, D-221- ion, is formed through the cleavage of the bisecting GIcNAc attached to the innermost Man residue of the 6-antenna arm comprising of

Gal-GlcNAc-bisecting GleNAc-Man-Man. The fragment ion resulting from this specific cleavage is shown to appear at m/z 670.3"- in the representative N-glycan MS? spectra of

m/z 840.8% (A), m/z 994.9% (B) and m/z 1286.0% (C). For the agalactosylated N-glycan with m/z 759.9%, this diagnostic fragment ion is observed at m/z 508.3'~.
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fragment ions characteristic for the identification of terminal modifications in O-glycans are illustrated for fucosylated Core 1 O-glycan with m/z 530.2'1(A),

sulphated Core 1 O-glycan with m/z 755.2'-(B), monosialylated and sulphated Core 2 O-glycan with m/z 1120.2'-(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 ().
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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 1078.9%
(Table 2A: #39) was found to be present in eight serous ovarian cancer tissues (0.18 % =+
0.19 %), tive 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 755.8- [(Sulph)(Neu5sAc);(Gal);(GalNAc),]|
(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 755.2'-
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 1120.3'
[(Sulph)i(NeusAc):(Gal)o(GlcNAc):(GalNAc), | (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 B, glycosidic cleavage ion at m/z 532.2'- 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 705.2'- [(Sulph);(Neu5Ac)s(Gal)o(GlcNAc)(GalNAc), ] (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 GIcNAc 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) MN-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
913.9%- with a composition of (Hex),(HexNAc)s(dHex); +(Man)s(GlcNAc)q, 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);(GlcNAc)s(Fuc);+(Man)s(GlcNAc).. This was confirmed by the
presence of the diagnostic D-221- cleavage ion at m/z 508.1'- [Figure 9A(i)]. The second-
eluting isomer at 48 mins consisted of a monosaccharide composition of
(Gal),(GalNAc),(GlcNAc)o(Fuc);+ (Man)s(GleNAc). which corresponded to a ‘LacdiNAc'-
type N-glycan. The presence of the LacdiNAc antenna (GalNAcB1-4GIlcNAc) was indicated
by the B ion at m/z 405.1'- and the A cross-ring cleavage ion at m/z 465.1'~. This ion is
also termed as ‘I ion’(Harvey, 2005) and has a composition of GaINAc-GlcNAc-O-CH=CH-
O- (GalNAc + GlcNAc + 59'-) 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 729.8'
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 913.9%- and m/z
934.42") (Table 2A: #23 and #29), and sialylated LacdiNAc (m/z 1059.4%, m/z 1079.9% and
m/z 1205.0%) (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
934.4%7) and sialylated LacdiNAc antennae (m/z 1079.9% and m/z 1205.0%") are represented
in Figure 9A (iii-v). The N-glycan with m/z 1205.0%
[(Neu5Ac),(Gal)i(GleNAc)o(GalNAc):(dHex),+(Man)s (GlcNAc).] was found to display
antenna containing both the sialylated form of the LacdiNAc (NeusAc-GalNAc-GlcNAc)
and the sialylated LacNAc (Neu5Ac-Gal-GlcNAc), observed as mass fragments of m/z
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696.2'- and m/z 655.2', 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 glycosyltransterases is shown in Figure 10.

Figure 9. Representative MS?® fragment ion spectra depicting the differentiation of bisecting-
biantennary and LacdiNAc-type MN-glycans and quantitation of relative abundances of LacdiNAc-type
structures in serous cancers. (A) The neutral N-glycan m/z 913.9% with a composition of
(Hex),(HexNAc)s(dHex); +(Man)s(GlcNAc), 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);(GlcNAc)s
(Fuc);+(Man)s(GlcNAc).. This was confirmed by the presence of the diagnostic D-221- cleavage ion at m/z
508.1". The second-eluting isomer at 48 mins consisted of a monosaccharide composition of
(Gal);(GalNAc)(GleNAc)o(Fuc)+ (Man)s(GleNAc). which corresponded to a ‘LacdiNAc-type N-glycan [ii-
(insert)]. The presence of the LacdiNAc antenna (GalNAcB1-4GlcNAc) was indicated by the B ion at m/z
405.1'- and the PA cross-ring cleavage ion at m/z 465.1'~. This ion is also termed as ‘F ion’ and has a
composition of GalNAc-GlcNAc-O-CH=CH-O- (GalNAc + GlcNAc + 59'-) 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 934.4% (iii),
sialylated LacdiNAc N-glycan with m/z 1079.9% (iv) and sialylated LacdiNAc/LacNAc N-glycan with m/z
1205.0% (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)7]

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 f1-4GalNAc and a2-6NeusAc 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
identity 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 8A and B. For
Discriminant 1 (diagnosis) (Table 8A), 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 1205.0%, m/z 1059.4%- and m/z 1079.9* and contained the
LacdiNAc-type motif while the other N-glycan corresponded to a hybrid-type of m/z 937.3%
. Serous tubal cancers (STC) also appeared to be differentiated by the hybrid structure (m/z
937.83%) 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 705.2%).
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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 1205.0%,
m/z 1059.4% and m/z 1079.9%"), we identified four other N-glycan structures which
comprised of a LacdiNAc-type (m/z 913.9%7) and three mono-sialylated hybrid glycans (m/z
856.4%, m/z 937.83% and m/z 945.3%) 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
994.927), mono-sialylated (m/z 10388.9%, and m/z 1221.5%) and Core 2 sialylated O-glycans

(m/z 1040.5'-, and m/z 1331.5*) compared to ovarian-derived tissues (Table 8B).

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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Cancer Discriminant 1 (Diagnosis)

Serous Ovarian Serous Ovarian Serous Peritoneal
Glycan Mass % of Total Glycans Vs Vs Vs
[MLHT [M-2H])% | Structure(s) Serous Peritoneal Serous Tubal Serous Tubal
Serous Serous Serous
Ovarian Peritoneal Tubal p value AUC p value AUC p value AUC
(n=14) (n=14) (n=4)
2411.0 1205.0 :/J § 0.83 0.14 0.34 0.001 0.929
2119.8 1059.4 "‘ § 0.93 0.19 0.85 0.009 0.825
1875.6 937.3 f:?k 0.75 0.29 1.05 0.003 0.890 0.001 1.0
2160.8 | 1079.9 'z?s' 0.21 0.01 0 0.006 | 0.805
1770.8 884.9 % 0.65 0.7 1.32 0.014 0.932 0.025 0.818
(s)
1411.4 705.2 ' ' :53 1.41 0 2.83 0.015 0.268 0.001 0.250
Table 3A
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Cancer Discriminant 2 (Tissue Source)
Serous Ovarian
% of Total Glycans Vs
le[‘;jnHl\;lBSS M2HP | Structure(s) Serous Peritoneal
QOvarian-derived Peritoneum/Omentum-
Cancer Tissues derived Cancer Tissues p value AUC
(n=16) (n=15)
2411.0 1205.0 (l:?k 0.79 0.09 0.0001 0.951
2119.8 1059.4 | ¢ [ i?& 1.02 0.11 0.0001 0.902
1828.8 913.9 z?h 0.68 0.01 0.003 0.751
1875.6 937.3 ‘2& 0.74 0.38 0.007 0.835
2160.8 1079.9 ";?& 0.19 0.01 0.006 0.751
1990.8 994.9 :%k 1.08 1.83 0.002 0.182
2444.0 12215 O:{Z?& 1.03 1.81 0.003 0.206
1891.6 945.3 E 1.34 1.01 0.028 0.737
1713.6 856.3 /5&; 1.28 0.75 0.021 0.762
2078.8 1038.9 & 9.01 12.42 0.022 0.266
1040.5 - Q—I m] 6.72 9.50 0.014 0.242
1331.5 665.3 3.88 7.26 0.002 0.177
Table 3B
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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 X 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, z, 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)7], 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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N-Glycans (Discriminant 1 and Discriminant 2)
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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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O-Glycans (Discriminant 1 and Discriminant 2)
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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 = O for serous ovarian cancer, y = 1 for serous peritoneal cancer and x is the
corresponding expression value of p glycans. In logistic regression, t = P (y=1| x) = P
(tumor with glycan profile x) and parameter B represents the Maximum Likelihood

Estimates (MLE).

b

T= _exp(x
1 + exp (X'f)
The predicted class of each cancer tissue (serous ovarian or serous peritoneal) is
y=1I1(f >1- ), where I(.)is the indicator function; I (4) = 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,
H#H22, #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 913.9%, m/z 1079.9%, m/z 1059.4% and m/z
1205.0% 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
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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.
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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 0or 0 < AUC < 0.1), b) “accurate (0.8 < AUC < 0.9 or 0.1 < AUC < 0.2), ¢)
‘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
(GalNAcP1-4GlcNAc) 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 1205.0% (AUC: 0.929) was considered as ‘highly accurate’ while the two
other N-glycans with m/z 1059.4% (AUC: 0.825) and 1079.9%- (AUC: 0.805) were ‘accurate’
biomarkers, thereby distinguishing serous ovarian from serous peritoneal cancers. The
hybrid-type N-glycan with m/z 937.3%- 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 705.2?- 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 1205.0% and m/z 1059.4%") 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 994.9%) and sialylated Core 2 O-glycan (m/z 1331.5%) 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 ez. 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. a/.(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 ez 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 a2-6-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, B1 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 GIcNAc is a unique modification which
occurs on hybrid and complex N-glycans and is catalyzed by B1-4 N-acetylglucosaminyl
transferase (GIcNAcT-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 GIcNAc 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 MGATS3 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 ez. 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 GIcNAc 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
MGATS 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 (Galf1-3/4GlcNAc) 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
B1-4GlcNAc), is synthesized by the action of specific f4-GalNAc transferases, f4GalNAcT3
and B4GalNAcT4, 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 8 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 1205.0%, m/z 1059.4°-and m/z 1079.9%") 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 1205.0%
and m/z 1059.4%") 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 #TB4438), 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 705.2%);
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
tallopian 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 994.9%, p < 0.002), mono-sialylated N-glycans
(m/z 1038.9%, p < 0.022; m/z 1221.5%, p < 0.008) and sialylated Core 2 O-glycans (m/z
1040.5', p < 0.0145 m/z 1831.1'7, 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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3.5 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

» 02-6 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
(GalNAcP1-4GlcNAc) and sialylated LacdiNAc (Neus5Ac-GalNAcB1-4GlcNAc) 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
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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-
tucosylated 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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RATIONALE: Glycosphingolipids (GSLs) constitute a highly diverse class of glyco-conjugates which are involved in
many aspects of cell membrane function and disease. The isolation, detection and structural characterization of the
carbohydrate (glycan) component of GSLs are particularly challenging given their structural heterogeneity and thus rely
on the development of sensitive, analytical technologies.

METHODS: Neutral and acidic GSL standards were immobilized onto polyvinylidene difluoride (PVDF) membranes
and glycans were enzymatically released using endoglycoceramidase I (EGCase 1I), separated by porous graphitized
carbon (PGC) liquid chromatography and structurally characterized by negative ion mode electrospray ionization
tandem mass spectrometry (PGC-LC/ESI-MS/MS). This approach was then employed for GSLs isolated from 100 mg
of serous and endometrioid cancer tissue and from cell line (107 cells) samples.

RESULTS: Glycans were released from GSL standards comprising of ganglio-, asialo-ganglio- and the relatively resistant
globo-series glycans, using as little as 1 mU of enzyme and 2 pg of GSL. The platform of analysis was then applied to
GSLs isolated from tissue and cell line samples and the released isomeric and isobaric glycan structures were
chromatographically resolved on PGC and characterized by comparison with the MS fragment ion spectra of the glycan
standards and by application of known structural MS* fragment ions. This approach identified several (neo-)lacto-,
globo- and ganglio-series glycans and facilitated the discrimination of isomeric structures containing Lewis A, H type
1 and type 2 blood group antigens and sialyl-tetraosylceramides.

CONCLUSION: We describe a relatively simple, detergent-free, enzymatic release of glycans from PVDF-immobilized
GSLs, followed by the detailed structural analysis afforded by PGC-LC-ESI-MS/MS, to offer a versatile method for the
analysis of tumour and cell-derived GSL-glycans. The method uses the potential of MS® fragmentation in negative ion
ESI mode to characterize, in detail, the biologically relevant glycan structures derived from GSLs. Copyright © 2015 John
Wiley & Sons, Ltd.
e

Glycosphingolipids {GSLs) are ubiquitous membrane glycans, are structurally diverse due to variation in

constituents that collectively form a large and heterogeneous
family of amphipathic lipid molecules, anchored to the outer
leaflet of the cell membrane of most vertebrates.!™? These
glyco-conjugates comprise of hydrophilic carbohydrate
residues that are linked to a hydrophobic ceramide moiety
consisting of long-chain fatty acids.**! They r%(pically
constitute about 5% of the total membrane lipid.s;,[F where
up to 30% of GSLs are found in neuronal membranes of the
brain.!”’ To date, GSLs have been shown to be involved in
many cellular functions in biological systems, such as cell-cell
adhesion,”®  signal  transduction®”  and  immune
recognition.!'” The carbohydrate residues, also known as

I
* Correspondence to: N. H. Packer, Building ESC, Room 307,
Department of Chemistry and Biomolecular Sciences,
Macquarie University, Sydney 2109, New South Wales,
Australia.
E-mail: nicki.packer@mgq.edu.au

monosaccharide composition, monosaccharide sequence,
branching as well as linkage positions.!"!! The structural
diversity exhibited in the glycan structures of GSLs reported
so far, in a variety of vertebrate tissues and organs, accounts
for approximately 188 acidic, 172 neutral and 24 sulfated
glycans.!™?! Unlike N- and O-glycosylation on proteins, these
carbohydrate residues are covalently linked to the ceramide
through a f-linkage, to form galactosylceramide (Gal-Cer) or
the more abundant glycosylceramide (Gle-Cer). Most
members of the GSL family are built on Glc-Cer, which are
further extended to generate a series of neutral ‘core’
structures that have been described in the nomenclature of
GSLs." The isolation and structural characterization of these
glycan constituents are highly desirable as alterations in the
carbohydrate component of GSLs have been implicated in
diseases such as in cancer.!"*")

In many cancers, membrane-bound GSLs represent an
unexplored source of novel tumour-associated antigens,
reflecting alterations such as (a) incomplete synthesis of

Rapid Commun. Mass Spectrom. 2015, 29, 545-561

Copyright © 2015 John Wiley & Sons, Ltd.
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glycans, (b) neo-synthesis through the appearance of
aberrant glycans, and {¢) over-expression of glycans due to
increased glycosyltransferase activity or gene activation.['”!
These specific glycosylation patterns on their cell surface
membranes have been shown to be intimately linked to
specific functions in tumour growth and development. For
instance, in colorectal cancer, the overexpression of
fucosylated and sialylated structures such as sialyl Lewis
X1 and sialyl Lewis Al'”) have been observed on GSLs
and are found to correlate with tumour metastasis,
prognosis  and  survival outcomes. Likewise, the
accumulation of the globo-series GSL Gb3 was shown to
be associated with enhanced invasiveness in metastatic
colorectal cancer cells.!'™™ In cancers such as in breast,
prostate and lung, the expression of globo-H epitope on
GSLs was found to be over-expressed and, in some cases,
the sera of patients were shown to contain high levels of
antibodies to this epitope.""*"]

As opposed to the use of conventional methods such as
thin-layer  chromatography (TLC) and monoclonal
antibedies for the detection of biologically relevant lipid-
linked glycans, mass spectrometry (MS) offers a valuable
alternative that is well established for the structural
characterization of glycans. A few studies have successfully
employed matrix-assisted laser doesorption/ionization time-
of-flight (MALDI-TOF)MS'?! and  porous graphitized
carbon liquid chromatography electrospray ionization
(PGC-LC/ESI-MSP! for the elucidation of GSL-derived
glycan structures. Owing to the structural complexity of
these glycans with respect to the sequence, composition
and linkage differences, the use of porous graphitized
carbon (PGC) chromatography with ESI-MS/MS analysis is
particularly attractive for the differentiation of isobaric and
isomeric glycans and has facilitated the label-free analysis
of N- and O-glycans released from glycoproteins based on
their differences in chromatographic retention times and
fragmentation patterns.”™ One such example is the elegant
characterization of native and reduced oligosaccharides
released from well-characterized non-acidic reference GSL
standards and GSL-derived glycans isolated from complex
sample mixtures using PGC-LC/ESEMSF! It was
demonstrated that precise structural information obtained
from characteristic cross-ring cleavage ions such as the
“ZA-type fragment ions was useful in the discrimination of
isoglobo- and globo-series as well as type 1 (Galp1-3GlcNAc)
and type 2 (Galp14GlcNAc) LacNAc chains. In the majority
of these studies, the enzymatic isolation of GSL-derived
glycans using a specific ceramide endoglycanase,
endoglycoceramidase 1I, is preferred as this enzyme
specifically cleaves the glycans from the ceramide of
GSLs, thus enabling the structural analysis of the released
intact glycans. The in-solution detergent-based system that is
commonly used requires long incubation times and high
enzyme concentrations with limitations in specificity and
with the subsequent requirement of detergent removal to
obtain purified glycans for analysis. This potentially results
in the substantial loss of glycans, especially when sample
quantity is a limiting factor.

In this study, the enzymatically released glycans from
reference GSL standards were analyzed as reduced glycan
alditols using porous graphitized carbon (PGC) liquid
chromatography/negative ion electrospray ionization mass

spectrometry (PGC-LC/ESI-MS/MS) to determine specific
glycan linkages and monosaccharide sequence composition.
However, in contrast to the common in-solution enzyme
digestion approach, we utilized an enzymatic release of
PVDF-immobilized extracted GSLs that has been previously
described for the characterization of N- and O-glycans
released from glycoproteins.® This method was then
applied to the detailed structural characterization of GSLs
extracted from ovarian cancer tissues and cell lines and
immobilized on PYDF membrane in a 96-well plate format.
The described approach eliminates the use of detergent,
minimizes sample loss, decreases contamination and
increases detection sensitivity. This method can be used
for the rapid profiling of glycans of the GSL-derived
ganglio, globo- and (neo-)lacto-series as demonstrated in
this study. It is also envisaged that this simple detergent-
free approach can be optimized, if required, for further
qualitative and quantitative experiments investigating GSL
function.

EXPERIMENTAL

Materials

Endoglycoceramidase 11 (EGCase II, recombinant clone
derived from Rhodococcus spp. and expressed in Escherichia
coliy was purchased from Sigma-Aldrich (MO, USA).
Glycosphingolipid standards from Matreya LLC (Neutral
glycosphingolipid ~ qualmix 1505, globotriosylceramide
(Gb3)/ceramide trihexose (CTH), mono-sialoganglioside
mixture 1508, non-acidic tetrahexosylganglioside 1064) were
obtained from Adelab Scientific (SA, Australia). Immobilin-P
polyvinylidene difluoride (PVDF, 0.2 pm) was obtained
from Millipore (MA, USA). Microtiter plates (Coming, 96-
well clear flat bottom, polypropylene) were purchased from
In Vitro Technologies (Victoria, Australia). Cation-exchange
resin beads (AG50W-X8) were obtained from BioRad
(Hercules, CA, USA) and PerfectPure C18 Zip Tips were
obtained from Eppendorf (Hamburg, Germany). Potassium
hydroxide and sodium borohydride were obtained from
Sigma-Aldrich. Other reagents and solvents such as
methanol, ethanol, chloroform and acetonitrile were of
HPLC or LC/MS grade.

Preparation of glycolipid standards

For PVDF blotting experiments to determine the minimum
amount of working ceramide endoglycanase, pure reference
standards, non-acidic tetrahexosylganglioside (asialo-GM;)
and globotriosyl-ceramide (Gb3) were diluted to a final
concentration of 1 mg/mL and aliquots of 2 uL, 4 pL, 6 pL,
8 ul and 10 pl. were used. Neutral and acidic glycolipid
mixtures were diluted to final concentrations of 1 and 0.5
mg/mL, respectively, and used as controls for subsequent
MS/MS characterization.

Isolation of GSLs from cancer tissues

Glycosphingolipids were extracted from ovarian and
peritoneal cancer tissues (5565 and 5566) using a modified
Bligh and DIer extraction method as previously described
for tissues.”"! Briefly, approximately 100 mg of tissue was
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homogenized in 5 mL of chloroform/methanol (2:1) and
stored for 2 h at room temperature, with intermittent mixing
every 30 min. Methanol (2.5 mL) was added to the tissue
suspension prior to centrifugation at 1800 ¢ for 15 min. The
supernatant was collected and the residual tissue was
homogenized again in 5 mL of chloroform/methanol/water
(1:2:0.8), stored for 2 h at room temperature and pelleted by
centrifugation at 1800 g for 15 min. The supernatant was
combined with the previous supernatant and evaporated to
dryness under vacuum. The dried residue containing the
glycosphingolipid mixtures was re-dissolved in 50 pL of
chloroform/methanol {2:1).

Isolation of GSLs from ovarian cancer cell line, IGROV 1

The extraction of GSLs from the ovarian cancer cell line,
IGROV 1, was carried out with some modifications based
on a Folch method.®®! Cells (1 x 107) were harvested,
washed thrice in 10 mL of phosphate-buffered saline and
pelleted by centrifugation at 1800 g for 20 min. Then 5 mL
of chloroform/methanol (2:1) was added to the cell pellet
and the tube was left overnight in a 4 °C incubator shaker.
The supernatant was collected after centrifugation at 1800 ¢
for 20 min and the pellet was re-extracted again as
described above. The combined supematants were
evaporated to dryness under vacuum and the dried
glycosphingolipid mixture was re-dissolved in 50 uL of
chloroform/methanol (2:1).

PVDF spotting of GSLs

Polyvinylidene diflouride (PVDF) membrane spots were cut
and placed in a chloroform-compatible 96-well microplate
(Supplementary Fig. S1, see Supporting Information). For
the optimization experiment to determine the minimum
amount of working ceramide endoglycanase, aliquots of 2,
4, 6, 8 and 10 pL of non-acidic tetrahexesylganglioside
(asialo-GM,) and globotriosylceramide (Gb3) reference
standards (1 mg/mL) were spotted on the individual PVDF
spots and treated with 1 mU (0.5 pL) and 4 mU (2 pL) of
endoglycoceramidase II in 50 uL of 0.05 M sodium acetate
buffer, pH 5.0, and incubated for 16 h (overnight) at 37 °C,
with modifications.***! For the validation experiment,
10 uL (25 pL x 4 times) of neutral and acidic
glycosphingolipid standards were spotted on the individual
PVDF spots. 50 pl of re-dissolved glycosphingolipid
mixtures from tissue and cell line samples were also spotted
(5 pL. x 10 times) on the same plate and air-dried at room
temperature to ensure proper binding of GSLs. To
ensure the complete release of the glycans from the
membrane-bound glycosphingolipids, 2 uL (4 mU) of
endoglycoceramidase II in 50 pL of 0.05 M sodium acetate
buffer, pH 5.0, was added to each sample well and
incubated for 16 h (overnight) at 37 °C. Approximately 50
pL of released glycans was recovered from the individual
sample wells and transferred to Eppendorf tubes containing
1 mL of chloroform/methanol/water (8:4:3).1] The sample
well was then washed with 50 uL of water and residual
glycans were added to the Eppendorf tube. The upper
methanol/water  layer  containing  the  released
oligosaccharides (~400 pl) was dried and kept for
subsequent analysis. As controls, blank PVDF spots with

(a) 0.5 pL (1 mU) and 2 uL (4 mU) of enzyme, respectively,
and (b) immobilized glycolipid standards without the
addition of the enzyme were treated in the same way.

Reduction and purification of released glycans

The released glycans were reduced to alditols with 20 pL of
200 mM sodium borohydride in 50 mM potassium hydroxide
at 50 °C for 2 h. The reaction mixture was quenched using
2 plL of 100% glacial acetic acid. Glycan alditols (~20 uL) were
applied to individually prepared cation-exchange columns
which consisted of 45 pL of cation-exchange resin beads
(AG50W-X8) deposited onto reversed-phase p-C18 ZipTips
(Perfect Pure, Millipore) and placed in microfuge tubes. The
columns were conditioned by a series of pre-washing steps with
(a) 50 pL of 1 M HCJ, (b) 50 uL of methanol and (c) 50 uL
of water. Glycan alditols were eluted with Milli Q water
(50 uL, twice) and dried. Subsequent drying steps with
methanol (100 uL, thrice) were performed to remove residual
borate. Purified glycan alditols were re-suspended in 15 pL of
water prior to MS analysis.

LC/ESI-MS/MS of released GSL glycan alditols

Glycans were analyzed by LC/MS/MS using an ion-trap
mass spectrometer (LC/MSD Trap XCT Plus Series 1100,
Agilent Technologies, USA) which was connected to an
ESI source (Agilent 6330, USA). A volume of 4 ulL of
sample was injected onto a Hypercarb porous graphitized
carbon {(PGC) capillary column (5 pm Hypercarb KAPPA,
180 pm x 100 mm, Thermo Hypersil, Runcorn, UK) using
an Agilent autosampler. The separation of glycans was
carried out over a linear HPLC gradient of 0-45% (v/v)
acetonitrile/10 mM ammonium bicarbonate for 35 min
followed by a 10-min wash-step using 90% (v/v)
acetonitrile/10 mM ammenium bicarbonate at a flow rate
of 3 pul./min. The MS spectra were obtained within the
mass range of m/z 200-1500. The temperature of the transfer
capillary was maintained at 300 °C and the capillary
veoltage was set at 3 kV. Neutral and acidic glycans were
detected in the negative ion reflector mode as [M—H] ions
and their signal intensities were analyzed using ESI
Compass 1.3, Data Analysis software (version 4.0, Bruker
Daltonics). Structural feature ions Frevinusly identified in
negative ion mode for GSLs®! and protein-derived
glycans,®! together with comparisons based on MS/MS
fragment ions and retention times obtained from specific
glycan masses of released glycans from glycosphingolipid
standards, were used to characterize and verify proposed
glycan structures.

Peak area calculation for relative quantification of glycans

For the optimization experiment, the peak area-under-the-
curve (AUC) was obtained using ESI Compass 1.3, Data
Analysis software (version 4.0, Bruker Daltonics) for glycans
released from 2, 4, 6, 8, and 10 pg of pure GSL standards which
were digested with 1 mU and 4 mU of endoglycoceramidase 11
enzyme. Scatter plots depicting the obtained peak area values
against the various GSL standard concentrations were
generated using Microsoft Excel Version 2010.
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RESULTS

Determination of the minimum amount of working
ceramide endoglycanase for release of glycans from
PVDF-immobilized GSLs

To reliably establish the minimum amount of working
enzyme (endoglycoceramidase II) for the release of the
glycan from the ceramide component of PVDF-immobilized
GSLs, a 5-point standard curve scatter plot for 1 mU and
4 mU enzyme was constructed using a range of PVDF-
immobilized GSL standard concentrations (2, 4, 6, 8 and
10 pg/uLl) which were plotted against the peak area-under-
the-curve of glycan elution from the PGC column. For this
relative  quantitative analysis, two pure reference
compounds, globotriosylceramide (Gb3) and asialo-GM1,
were used in separate experiments. The scatter plots
displaying the linear relationships (R”) for the selected
standards at different enzyme amounts are shown in Fig. 1.
With Gb3 as a reference compound, we observed a low
corresponding increase (1.01-fold) in the peak area when
the higher enzyme (4 mU) was used. Good linearity with
R” values of 0.9682 and 0.9970 were obtained over the range
of Gb3 standard concentrations for both amounts of enzyme.
Using asialo-GM1 as substrate, the hydrelytic efficiency of
the ceramidase increased proportionately (4.31-fold change)
upon increasing enzyme amount from 1 mU to 4 mU with
linear relationships (R® of 0.9941 and 0.959 using 4 mU
and 1 mU of enzyme, respectively. At both enzyme amounts,
sufficient fragment ions were obtained to give detailed
linkage information, using as little as 2 ug of Gb3 and
asialo-GM1 standard (data not shown). The differences
observed in the enzymatic hydrolysis of Gb3 and asialo-
GM1 have previously been attributed to the limited
hydrolytic capacity of the enzyme towards cligosaccharides of
the g]obo—series.[‘)’ TAll peak area measurements were performed
in duplicates to determine the intra-assay reproducibility
(Supplementary Table 1, see Supporting Information). The
values of these measurements were consistent, as represented

by their standard deviation (SD) values, indicating that this
method of release of glycans from GSLs is reliable for
subsequent quantitation and statistical analyses to be carried
out in a reproducible manner for small amounts of GSLs.

PGC-LC/ESI-MS/MS characterization of glycans released
from immobilized GSL standards

Glycans were enzymatically released from GSL standards
non-covalently immobilized on PVDF membranes using 4 mU
endoglycoceramidase II, as illustrated in Fig. 2. The
released glycans were separated on a PGC column and
analyzed as underivatized, reduced alditols by an ion-trap
mass spectrometer connected to a negative-mode ESI
source. The chromatographic peaks observed for the
standards were well resolved with low signal-to-noise ratio,
yielding singly charged [M-H]™ ions. The chromatographic
features of the enzymatically released glycans from pure
reference glycosphingolipids, singly and mixed together,
were investigated in terms of their resolution, retention
time and MS/MS fragmentation patterns. The structural
characterization of the GSL-derived glycans was carried
out based on retention times and by using the diagnostic
fragment ions that have been previously reported to occur
in glycans fragmented in negative mode ionization.>*!
The major glycosidic and cross-ring fragment ions are
described for the released glycans from seven standard
structures of the two different GSL classes representative
of neutral GSLs (globosides and asialo-ganglio) and acidic
GSLs (mono-sialylated gangliosides) and form the basis
for the subsequent structural characterization of the glycans
released from the GSLs extracted from ovarian cancer
tissues and cell line as reported in this study.

(a) Neutral glycosphingolipids
The released glycans from immobilized neutral GSL

standards  consisting  of lactosylceramide  (LacCer),
globotriosylceramide (Gb3), globotetraosylceramide (Gb4)

3 -
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Figure 1. Determination of minimum amount of working ceramide endoglycanase for
the release of glycans from PVDF-immobilized GSLs. A five-point standard curve
scatter plot for 1T mU and 4 mU enzyme (endoglycoceramidase II) was constructed
against the peak area-under-the-curve of elution of glycans from the PGC column
released from 2, 4, 6, 8 and 10 pg/ul of asialo-GM1 (ganglio-series) and Gb3 (globo-

series) GSL standards.
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Figure 2. Illustration of the proposed workflow for analysis of glycosphingolipids (GSLs).
GSL-glycans were enzymatically released from PVDF-immobilized GSL standards and
extracted GSLs of cancer tissue and cell line using endoglycoceramidase II. Released glycan
alditols were separated by PGC-LC/ESI and characterized based on MS/MS fragmentation
of GSL standards and previously reported fragment ions in negative mode ionization.

and non-acidic tetrahexosylganglioside (asialo-GM1) which
were detected as singly charged ions at retention times
5,7, 9.8 and 18 min, respectively, are shown in Figs. 3(A)(i)
and (ii). The disaccharide constituent of the lactosylceramide,
Galp1-4Glcpl-, was detected as m/z 343.3' (Fig. 3(B)(i)).
The MS/MS spectra was characterized by glycosidic
cleavages depicting the loss of the terminal Gal residue
such as the prominent C; ion at m/z 179" and the B, ion
at m/z 161"~ which was accompanied by the loss of H,O
at m/z 143" The disaccharide glycan also contained low-
abundance cross-ring cleavages such as the “°X,
(m/z 223') and **X, (m/z 283) ions occurring at the
non-reducing end Gal residue. A low-abundance cross-
ring cleavage ion, “?A, (m/z 281"), of the reducing end
Glc residue was also observed and this cleavage ion is
most likely derived from the 4-substituted Glc residue
at the reducing end of the disaccharide. The “*A-type
cleavage ion has been previously reported in negative
ion fragmentation of oligosaccharides, observed to be
characteristic of the C-4 substitution of the GlcNAc
residue.?5%%)

The MS/MS spectrum of the glycan released from
globotriaosylceramide (Gb3), Gala1-4Galp1-4Glcpl-, detected
as 111/z 505.3'” at 7.0 min, contained prominent By (i11/z 161.1%)
and C; (m/z 179.21") fragment ions from the non-reducing end
(Fig. 3(B)(ii)). Y ions from the reducing end of the
trisaccharide were also evident such as Y, (m1/z 343.1") and
Y, (m/z 181.1) ions that have been previously observed in
the MS’ spectrum of native globotriaosylceramide
oligosaccharides analyzed in negative mode ionization.!
The MS® spectra also contained an abundant cross-ring
cleavage ion, the 2"‘A2 fragment ion observed as m/z 221.0".
This ion has also been previously observed,”! confirming
the 4-linked Gal to the internal Galp1-4Glcpl of the Gb3
trisaccharide.

The glycan released from globotetraosylceramide (Gb4),
GalNAcp1-3Gala1-4Galp1-4Glcpl-, was detected as m/z
708.3"" at 10 min. The fragmentation of this larger
oligosaccharide resulted in B- and C-type fragment ions such
as the C; ion at m1/z 220.1*7, the C, ion at m1/z 382.1'~ and the B
ion at m/z 526.0'" (Fig. 3(B)(iii)). Fragmentation from the
reducing end also resulted in several Y-ion fragments
identified as m/z 343.21° (Y> ion) and m/z 505.2% (Y3 ion)
while the Z3 (m/z 487.2') ion resulting from the loss of the
terminal GalNAc residue was also present. The sequential
loss of monosaccharide residues resulting in the glycosidic
cleavage ions B, C, Y and Z corresponded well to the
identification and verification of the tetrasaccharide glycan.
The cross-ring cleavage ion, °?A;/Z;, at m/z 263"~ was also
observed with a relatively high intensity. The prominent
cross-ring cleavage corresponding to **As at m/z 424.1
further confirmed the presence of 4-linked Gal to the internal
Galp1-4Glcpl  of the Gb4 tetrasaccharide as described
previously.”]

The non-sialylated ganglioside, asialo-GM1, was also
structurally characterized by negative ion fragmentation.
The gangliotetraosylceramide, Galp1-3GalNAcp1-4Galf1-
4Glcp, was detected by PGC chromatography as n/z 708.3'
at 18 min (Fig. 3(A)(ii)). This structure, although identical to
the mass of the previously described globotetraosylceramide
(Fig. 3(A)(i); GalNAcp1-3Galal-4Galp1-4Glcpl) differs in
sequence and linkage of the terminal GalNAc and Gal
residues. Negative ion PGC-LC/ESI-MS/MS fragmentation
was utilized to differentiate these isomeric structures based
on their different retention times and fragmentation patterns
(Fig. 3(B)(iv)). The tandem mass spectra of this
oligosaccharide showed a prominent Y ion at m/z 343.1'
which corresponded to the Gal-Gle disaccharide sequence at
the reducing terminal end while the non-reducing end
disaccharide was defined by the B, ion at m/z 364.1". In
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Figure 3. LC/MS of glycans released from PVDF-immobilized neutral GSL standards, lactosylceramide (LacCer; Galp1-4Glcp1),
globotriaosylceramide (Gb3; Galal-4Galp1-4Glcpl), globotetraosylceramide (Gb4; GalNAcp1-3Galal-4Galf1-4Glepl) and non-
acidic tetrahexosylganglioside (aqlalo-GMl Galp1-3GalNAcp1-4Galp1-4Glep1). Baqe peak chromatograms of these glycans are
represented for LacCer (1m/z 343. 0'; retention time: 5.0 min), Gb3 (m/z 505.3"7; retention time: 7.0 min), _Gb4 (ifz 708. 3

retention time: 9.8 min) and asialo-GM1 (m/‘ 708.3'; retention time: 18.0 min (lower panel-ii)] (A). MS® spectrum of the
precursor ion at n11/z 343.0', 505.3'" and 708.3'~ derived from LacCer (i), Gb3 (ii), Gb4 (iii), and asialo-GM1 (iv), respectively (B).

addition to these ions, the MS/MS spectrum of this structure
also yielded a Z ion cleavage at mi/z 528.3' that was further
accompanied by fragment ions in the MS? spectrum which
corresponded to the loss of acetyl (M = 42 Da; C,H,0) and
acetate (M = 60 Da; C;H,0,) groups from the precursor ion.
For example, there was an abundant Z3-CH4O» ion at ni/z
480.2'" while several low-abundance ions at m/z
4687,438.21 and 4202 were also observed which
corresponded to Z; -CoHyO,, Z3-C3HgO, and Z3-C3HgO,,
respectively. The diagnostic cross-ring fragment ion, **A,

(m/z 221.0"), characteristic for the 4-linked terminal Gal,
was not observed, further confirming the C-3 substitution of
the GalNAc residue of the Galpl-3GalNAcp1-4Galpl-4Glcp
tetrasaccharide.

(b) Mono-sialylated glycosphingolipids
The released glycans of the mono-sialylated ganglioside GSL

standards were comprised of GM1, GM2, and GM3
oligosaccharides containing a 02-3-linked sialic acid linked
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to the innermost Gal residue attached to the reducing end
glucose moiety. As previously noted in negative ion mode
fragmentation, abundant cross-ring cleavages which are
commonly observed in neutral glycans are found to be low
or absent in the fragmentation patterns of sialylated
glycans.””l The loss of the acidic species requires intense
energy for the dissociation of these highly charged residues,
and as a result subdues the fragmentation of other ions such
as A- and X-type cleavages that can provide greater structural
detail* Nevertheless, the fragmentation spectra of these
mono-sialylated structures contained sufficient information
to be useful in confirming their composition. Figure 4(A)

shows the extracted ion chromatogram (EIC) of the first eluting
compound GM2, GalNAcp1-4NeuAcu2-3)Galp1-4Glepl-,
which was detected as a singly charged ion of n/z 837.4' at
5 min. The cleavage of the sialic acid residue was observed
as intense By, and Ya, ions at m/z 290.1 and m/z 546.2"
respectively (Fig. 4(B)(i)). Double cleavages resulting from
the loss of both the sialic acid and GalNAc residues were
also observed at im/z 343.0" (Yaq/ Yap).

GM1, Galp1-3GalNAcp1-4(NeuAcu2-3)Galp1-4Glcpl-, was
detected as m/z 999.41 and was observed to elute at 6 min
(Fig. 4(A)). Similar to the previous GM2, the abundant ions
were the fragments formed due to the loss of the sialic acid
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Figure 4. LC/MS of glycans released from PVDF-immobilized acidic (mono-sialylated) glycosphingolipid standards, mono-
sialotetrahexosylganglioside (GM1; Galp1-3GalNAcp1-4(NeuAca2-3)GalB1-4Glcfl), mono-sialotrihexosylganglioside (GM2;
GalNAcPl1-4 (NeuAca2-3)Galpl-4Glepl) and mono-sialodihexosylganglioside (GM3; (NeuAca2-3) Galp1-4Glcpl). Base peak
chromatograms of these glycans are represented for GM2 (mi/z 837.4'; retention time: 5.0 min), GM1 (m/z 999.4'7; retention
time: 6.0 min) and GM3 (i17/z 634.4"; retention time: 21.0 min) (A). MS® spectrum of the precursor ion at m/z 837.4'7,999.4' and
634.4' derived from GM2 (i), GM1 (ii), and GMS3 (iii), respectively (B).
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residue, as exemplified by the B, and Ya, ions at m/z 290.1 -
and 708.3", respectively. Likewise, the double cleavages of
both the sialic acid and terminal Gal residues resulting in
the Z,,/Y3 fragment ion were observed at m/z 528.2' and
the Yau/Yap fragment ion at m/z 343.0" corresponding to
the loss of the sialic acid, Gal and GalNAc residues. Several
neutral losses from the glycosidic fragment ion Z;,, Y3 were
also observed, such as m/z 480.2" 4382" and 4202
fragment ions which correspond to Z,/Y35-CHO,, Zoy /Y5
C3HgOy and Z,,/Y3-C3HgOy, respectively (Fig. 4(B)(ii)).

The late elution of the trisaccharide, GM3 [(NeuAco2-
3Galpl-4Glcpl], illustrates the non-linear retention
characteristics of PGC chromatography. This structure was
detected as a singly charged ion at mm/z 634.2" and was shown
to elute at 21.0 min. The fragmentation spectra contained
mainly the B, ion at m/z 290.1" with the corresponding Ya
ion at /= 343.0" from the loss of the sialic acid residue with
little further fragmentation (Fig. 4(B)(iii)).

Method validation on GSLs extracted from ovarian and
peritoneal cancer samples

1. Structural characterization of GSL-derived glycans from cancer
tissues

To validate that this platform of GSL analysis is applicable for
complex tissue samples, GSLs were extracted from ovarian
and peritoneal cancer tissues using the Bligh and Dyer
extraction procedure. This method is commonly employed
in many studies involving extraction of lipids from tissue
samples with high water content and is comprised of a
methanol/chloroform/water extraction.®!! The extracted
lipids were immobilized on PVDF membrane and ceramide
endoglycanase-released oligosaccharides were analyzed
using negative ion LC/ESI-MS/MS. Nine mass ions
corresponding to 16 glycan structures (including isomeric
structures) were detected in the base peak chromatograms,
as listed in Table 1. The characterization of these isomeric
glycans is described in detail in the following sections.

(a) Neutral fucosylated pentaglycosylceramides

The extracted ion chromatogram (EIC) of m/z 854.3" of both
types of cancer tissues (5565 and 5566) revealed three and
two isomeric structures, respectively, corresponding to the
fucosylated  pentasaccharide composition  of  Gal{Fuc)
HexNAc-Gal-Gle (Figs. 5(A)(i) and (ii)). The first isomer
eluted at 19.4 min and the MS/MS spectrum consisted of an
abundant Y, fragment ion at in/z 343.1" (Gal-Glc), a double
cleavage Y,/ Y3y ion at m/z 546.0" (HexNAc-Gal-Glc) and a
Y3, ion at m/z 6924 (HexNAc(Fuc)-Gal-Gle) which helped
resolve the monosaccharide sequence of this structure (Fig. 5
(B)(1)). The B: fragment ion at m/z 510.2" in the MS/MS
spectrum is comprised of Gal-Fuc-HexNAc and is commonly
observed for terminal fucosylated trisaccaharides in N- and
O-glycans.p?'az] The fragment ion at m/z 348.1" is diagnostic
for the internal 3-linked HexNAc substituted with a Fuc
residue at C-4, and is a result of the double glycosidic
cleavages (B2/Y3,) of the 3-linked Gal residue (in/z 162.0"
loss from the m/z 510.2" fragment ion). This phenomenon is
thought to occur as the C-3 linkage residue is more labile
when the GIcNAc is di-substituted at C-3 and C-4 and is

consistent with previous reports of the fragmentation of
Lewis-type fucosylated glycans analyzed in negative
ion mode?”! Cross-ring cleavage of the terminal Gal at
m/z 438.2" and m/z 420.2' resulting from the n/z 510.2" ion
was also observed, The absence of the characteristic °2A3 Cross-
ring cleavage of the inner Gal residue further confirms a Lewis
A pentasaccharide [Galf1-3(Fucal-H)GlcNAcp1-3Galp1-4Glc]
for this structure.

The second and third eluting isomers were shown to elute
at 22.0 and 24.2 min, respectively (Fig. 5(A)(i)). The tandem
spectra for both isomers (Figs. 5(B)(ii) and (iii)) showed a
series of prominent B- and C-ions at m/z 510.2" (Bs), 325.2"
(C»), 528.3" (Ca) and 690.2% (C,), which tentativ ely identified
the pentasaccharide sequence of (Fuc)Gal-HexNAc-Gal-Gle.
Unlike the first isomer which has a fucose residue linked to
the GleNAc, both these later eluting isomeric structures
contain the H epitope where the fucose residue is attached
to the terminal Gal residue in a ol-2 linkage. This is
substantiated by the fragment ions at m/z 307.0° (By) and
325.2" (C») corresponding to a fragment ion comprising of
a galactose and fucose residue.

The third eluting isomer was found to contain the H type 2
epitope, that is distinguished from the H type 1 epitope
observed in the second eluting isomer by the presence of the
diagnostic cross-ring cleavage ion at m/z 409.3% (“2A,-H,0)
and **A; fragment ion at m/z 427.3" previously observed in
negative ion fragmentation of type 2 chains (Galp1-4GIlcNAc).F!
Similar to the first eluting isomer, the MS/MS spectra of
both these late-eluting isomers (Figs. 5(B)(ii) and (iii))
did not contain the %%A, fragment ion which is
characteristic of C-4 substitution of the inner Gal residue,
suggesting that the GalNAc residue is p1-3 linked to the inner
Gal residue. These structures were tentatively identified as
type 1 H antigen [(Fucal-2)Galp1-3GlcNAcp1-3Galp1-4Glc)]
and type 2 H antigen [(Fucel-2)Galp1-4GlcNAcp1-3Galpl-
4Glc)], respectively.

(b) Neutral tetraosylceramides

Several isomers of the neutral tetrasaccharide with
m/z 708.3" were also detected in both tissue samples (Fig. 6(A)).
Four isomers of this glycan were characterized based on the
informative spectra and specific structural feature ions
obtained from the negative ion fragmentation. The first isomer
eluted at 16.9 min (Figs. 6(A)(i) and (ii)) and the MS/MS
spectra consisted of a prominent Yz ion (/2 505.3") and Ya
(m/z 343.3") ion which were characteristic for the Gal-Gal-
Gle and Gal-Glc sequences, arising from cleavages to the
non-reducing terminal (Fig. 6(B)(i)). The loss of the HexNAc
residue at the terminal end as a result of the glycosidic
cleavage at mi/z 2200 (C,) further confirmed the
tetrasaccharide sequence, HexNAc-Gal-Gal-Gle. The presence
of the diagnostic cross-ring cleavage ions at rir/z 424.1' 'Az)
and 263" (*?A3/7Z3) corresponded to the C-4 substitution of
the Gal-Glc lactose residue at the reducing end, thereby
identifying this structure as GalNA¢p1-3Galal-4Galf1-4Glcfl
or globotetraosylceramide, Gb4. The fragmentation pattern of
this isomer is also consistent with the elution time of the Gb4
standard that was ran concurrently (Fig. 6(A)(iv)).

The tandem mass spectrum for the second isomeric mass
which eluted at 18.6 min was observed to be quite different
to the first isomer (Fig. 6(B)(ii)). The Y3 ion at m/z 505.3%,
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Table 1. Proposed GSL-glycan structures detected on the glycolipid membranes of serous ovarian
cancer tissue (S565), endometrioid peritoneal cancer tissue (S566) and epithelial ovarian cancer cells
(IGROV1). Structures were assigned based on MS/MS fragmentation (where possible) and known
biological GSL synthetic pathway constraints. Glycan masses that were either partially assigned or
determined to consist of acetyl modifications are indicated with asterisks (¥). All structures were
depicted according to the CFG (Consortium of Functional Glycomics) notation with linkage
placement to indicate linkages for fucose and sialic acid residues. Specific linkages corresponding
to Gal-GlcNAc (type 1/type 2) lactosamine linkages are also indicated (where possible)
Relative intensity {%)
Type Gly;;r-l:]'n'ass GSL series/type Proposed structure
5565 §566 IGROV1
505.3 Globo (Gb3) legez = 4.16 3.59 -
708.3a Globo (Gba) 7% 194 498 -
708.3b Ganglio (Asialo-GM1) fo“‘ 985 758 -
708.3c* - ?}.—5 - 9.86 -
708.3d Neo-lacto o.{)-.—l 5249 4691 7.64
]
5
£ 7503* - g_‘gf‘* 1599 - -
%
-
8
= 854.3a Lacto {Lewis A) f_‘ 156  4.86 -
=
=1
]
4
854.3b Lacto (H epitope) ', 1.92 - -
854.3c Neo-lacto (H epitope) ?f._‘ 5.92 4.26 -
870.3 Neo-lacto O—O—‘O-H 2.08 9.95 2.43
1032.4* - oJoo-e- 1.86 4.35 -
634.4 Ganglio (GM3) .p-H 174 367 12.86
2 8374 Ganglio (GM2) Ey)—.—! 0.49 - 73.11
¥ 999.4a Ganglio (GM1) ﬁ)—.—s - . 0.68
n
o
o
b=}
‘E 999.4b Neo-lacto ._O{#)-.—q - - 2.15
999.4c Lacto f - -1
Legend: Monosaccharide Linkage: g
@ Glucose @ N-acetylneuraminic acid Unknown
A Fucose B N-acetylglucosamine 4%
QO Galactose [ N-acetylgalactosamine 3 2
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Figure 5. Extracted ion chromatograms (EICs) of pentasaccharide GSL-glycan with n1/z 854.3'~ from serous ovarian
cancer (S565) and endometrioid peritoneal cancer (S566) tissues. The EICs obtained from serous ovarian cancer
(5565) depict three isomeric structures eluting at 19.4 min (i), 22.0 min (ii), and 24.2 min (iii), respectively, while
endometrioid peritoneal cancer (S566) tissues displayed only two 1somer1c structures eluting at 19.4 min (i) and 24.2

min (i), respectively (A). MS? spectrum of the precursor ion at 854. 3=

tentatively identified these structures as Lewis

A pentasaccharide [Galp1-3(Fucal-4)GlcNAcB1-3Galp1-4Glc] (i), H type 1 pentasaccharide [(Fucal-2Galp1-3GlcNAcp1-
3Galp1-4Glc] (ii), and H type 2 pentasaccharide [(Fucal-2GalB1-4GlcNAcB1-3Galp1-4Glc] (iii) (B).
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Figure 6. Extracted ion chromatograms (EICs) of tetrasaccharide GSL-glycan with m/z 708.3'" from serous
ovarian cancer (S565) and endometrioid peritoneal cancer (S566) tissues. The EICs obtained from serous ovarian
cancer (S565) depict three isomeric structures eluting at 16.9 min (i), 18.6 min (ii), and 22.4 min (iii), respective]y,
while endometrioid perltoneal cancer (S566) tissues displayed four isomeric structures eluting at 16.9 min (i),
18.6 min (n) 19.0 min (iii), and 22.4 min (iv), respectively (A). MS? spectrum of the precursor ion at

mfz 708.3%"

tentatively identified these structures as Gb4 [GalNAcp1-3Galal-4Galp1-4Glcfl] (i), Asialo-GM1

[Galp1-3GalNAcp1-4Galp1-4Glepl] (i), branched-type [Galo1-?Gal(HexNAcp1-2)p1-2Glcp1] (iii), and [Galpl-

4GIcNACP1-3Galp1-4Glepl](iv) (B).
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characteristic for the Gal-Gal-Glc sequence, was found to be
absent, while the Z ion at m/z 528.2° resulting from the loss
of the terminal Gal residue was observed, thereby confirming
the Gal-HexNAc-Gal-Glc sequence. In addition, and similar
to the fragment ions that were previously observed for the
asialo-GM1 (Fig. 3(B)(iv)), neutral losses from the glycosidic
fragment ion, Zs (528.21’), were also present, such as the
fragment ions at m/fz 4802 4381 and 4201, The
tetrasaccharide was identified as Galpl-3GalNAcB1-4Galpl-
4Glcp-asialo, which is the precursor to the formation of the
ganglioside, GM1.

The MS/MS spectrum of the third eluting isomer of
m/z 708.3" at 19.0 min (Fig. 6(B)(ii)) displayed a mixture
of fragment ions that resembled a branched-type glycan
structure as opposed to a linear tetrasaccharide. This
observation was substantiated b%/ fragment ions at Z,,
(mfz 528.3") and Y., (m/z 546.3") which confirmed the
HexNAc-Gal-Gle sequence, while the fragment ion at
Yag (m/z 505.3") corresponded tentatively to the Gal-Gal-Glc
sequence. Glycosidic cleavages corresponding to the terminal
Gal-Gal sequence were also observed as m1/z 341.3Y (C1/ Ya),
323.1° (B1/Yzs) and 3051" (By/Z5,) fragment ions. The
sequence proposed for this structure is Gal-Gal(HexNAc)-Glcp
as insufficient fragment ions diagnostic for specific linkages
and monosaccharide composition were not observed in the
MS” spectrum.

The last eluting and most abundant structure, detected as
mfz 708.3" in both tissues, eluted at 22.4 min (Figs. 6(A)(i)
and (ii)). The MS/MS spectrum was dominated by a prominent
Y, ion at m/z 343.1°, Z, ion at m/z 5262 and B ion at
mfz 3641 indicative of the Gal-HexNAe-Gal-Gle sequence
(Fig. 6(B)(iv)). In addition, the spectrum also contained a
fragment ion at sz 325.2' (Z), resulting from the cleavage
of the terminal Gal-HexNAc. The absence of the **A; cross-
ring cleavage ion (m/z 4241"), which was previously
described as diagnostic for 4-linked HexNAc, suggests that
the HexNAc¢ is possibly linked to the internal Gal via a
B1-3 linkage. Several fragment ions arising from cleavages
at the non-reducing terminal end were also present, such
as the A, and %*A-H,O cross-ring cleavages which
confirmed the terminal GalBl-4 linkage to the HexNAc.
Based on the assignment of these fragment ions and the
longer retention time on the column as noted previously
for GleNAc-containing glycans,®! the tetrasaccharide was
assigned as Galp1-4GlcNAcB1-3Galf1-4Glepl.

2. Structural characterization of gangliosides from ovarian cancer
cell line, IGROV 1

To further investigate the applicability of this method,
glycolipids were extracted from approximately 1 = 107 cells
of the ovarian cancer cell line, IGROV 1. The modified Folch
extraction procedure was used in this case as it has been
previously used as a reliable method for the enrichment of
the sialylated acidic gangliosides from cells grown in
culture.®! After ceramide-glycanase treatment of the PVDF-
immobilized extracted glycolipids, we were able to identi

several acidic released glycans eluting as ni/z 837.4',634.4

and 999.4'” as well as neutral structures (Table 1). Three isomeric
glycan structures of m/z 999.4" were detected (Fig. 7(A))
and were characterized based on their retention times and
diagnostic fragments as observed in the analysis of the

mono-sialylated glycan standards previously described
in Fig. 4. The tandem mass spectra of the sialylated
glycans predominantly consisted of Y and Z ion
cleavages corresponding to the loss of the acidic
residue (m/z 343.1,708.3" and 528.4") (Figs. 7(B)(i), (i) and
(iii})). The first eluting glycan, at 20.9 min (Fig. 7(B)(i)), contained
fragment ions identical to those of the pentasaccharide
structure of GM1 (Galpl-3GalNAcB1-4(NeuAcu2-3)Galpl-
4GlcBl), as described in the standard (Fig. 4(B)(ii)). Glycosidic
cleavage depicting the loss of the sialic acid at m/z 29011 (B,)
was present in abundance. The position of the sialic acid at
the inner Gal residue was further confirmed by the loss of
the Gal-GalNAc disaccharide from the terminal end of the
pentasaccharide, thereby resulting in fragment ion masses at
mfz 6163 (Z3) and 634.4' (Yap), respectively.

The second and third glycan structures of m/z 999.4%
eluted later at 24.5 and 25.5 min, respectively (Figs. 7(B)(ii)
and (iii)). The MS” spectra contained a characteristic fragment
ion at m/z 655.3'” which was indicative of the sialic acid being
linked to the Hex-HexNAc moiety of the pentasaccharide.
Previous studies have observed diagnostic ions which could
potentially distinguish between the 02-3 and 02-6 NeuSAc
linkage to the Gal in negative ion mode.™**" Specifically,
using argon as the collision gas, it was shown that the ““A-
CO, crossring cleavage ion at m/z 306" corresponded to
the ¢2-6 NeubAc linkage in small, unreduced glycans. This
ion was not present in any of the MS” spectra of these
pentasaccharide isomeric structures, which is consistent with
the fact that this frasment is not formed when the collision
gas used is helium,"*”) as was the case in this study. These
pentasaccharide structures were further differentiated into
type 1 and type 2 chains based on the presence of the
diagnostic “*A3-H,O fragment ion at m/z 554.3'" which is
characteristic of the C4-substituted HexNAc observed only in
Ms? fragmentation of the second eluting isomer (Fig. 7(B)(ii)).
These two structures were tentatively assighed as
NeuAco2-?Galpl-4HexNAcp1-3Galpl-4Gle and NeuAca2-?
Galp1-3HexNAcB1-3Galfl-4Glc, respectively. As previously
noted in the analysis of neutral tetracsylceramides, it is also
possible that these structures contain GlcNAc as GlcNAc-
containing glycan moieties are retained relatively longer as
compared to GalNAc-containing glycans in PGC liquid
Chromat(!graphy[?']

DISCUSSION

Glycosphingolipids (GSLs) constitute a unique class of
membrane  glyco-conjugates  which  exhibit  diverse
complexity in both their carbohydrate moiety and lipid
backbone structure!!! To date, many studies have been
performed to elucidate the expression of GSLs, with regard
to  their organization and function within  the
membrane.***! The glycosylated motifs in GSLs, however,
are less extensively studied as compared to other glycol-
conjugates. In fact, in some cases, glycolipids have been
shown to contain specific carbohydrate motifs that are not
present on glycoproteins such as the Galul-4Gal sequence
of the (neo-)lacto-, globo-series or the GalNAcpl-4Galfl-
4Glcp- sequence of the gangliosides!® In this study, we
employed the use of the hydrophobic PVDF membrane to
efficiently immobilize the extracted GSLs prior to the release
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Figure 7. Extracted ion chromatograms (EICs) of pentasaccharide GSL-glycan with /2 999.4' in ovarian epithelial cancer cell
line, IGROV1. The EICs obtained depict three glycan structures eluting at 20.9 min (i), 24.5 min (i), and 25.5 min (iii),
respectively (A). MS® spectrum of the precursor ion at m/z 999.4" tentatively identified these structures as GMI
[Galp1-3GalNAcp1-4(NeuAco2-3)Galp1-4GIcp1] (i), type 2 sialyl-tetraosylceramide [NeuAco2-2Galp1-4HexNAcB1-3Galp14Gle] (i),

and type 1 sialyl-tetraosylceramide [NeuAcu2-?Galp1-3HexNAcp1-3Galp1-4Glc] (iii) (B).

of glycans by the commercially available enzyme,
endoglycoceramidase 11 (EGCase II). This method, as
demonstrated in our study, is sensitive and compatible with
subsequent PGC-LC/ESI-MS/MS  detection of label-free
glycans and presents an efficient platform for the detailed
analysis of the glycosylation of the GSLs. As proof of
concept, we structurally characterized neutral and acidic
glycans derived from reference GSL standards. We further
applied the workflow to ovarian cancer tissue and cell line

samples, in which the entire protocol, inclusive of GSL
extraction, PVDF immobilization, enzymatic release of
glycans and the LC/MS detection of glycans, was performed
within 5 days. The detailed structural characterization of
these glycans, however, was more time-consuming as it still
requires manual assignment of structures based on prior
knowledge of negative mode fragmentation patterns. We
have also recently used this approach to validate the P blood
group-related antigens on ovarian cancer cells and tissues.1¥”!
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As previously demonstrated for glycoproteins,™ the
efficient immobilization of the glycolipids to the PVDF
membrane is thought to occur via hydrophobic surface
interactions; in this case between the hydrophobic ceramide
portion of the extracted GSLs and the hydrophobic PVDF
membrane. Hence, the binding of the hydrophobic lipid
portion of the GSL to the PVDF membrane allows the
hydrophilic glycans on the surface of the PVDF membrane
to be more accessible to the enzyme.™ In addition, there
are also the added advantages of increased
sensitivity /activity of solid-phase chemistry where the
analyte is concentrated on the surface; increased ease of
washing for removal of contaminants and decreased non-
specific binding of the endoglyceceramidase which has
been previously shown to have binding domains that
recognize both the glycan and the lipid portion of the
GSL.P?4% Recent structural and mechanistic analysis of
the EGC enzyme showed that it is amphiphilic, bearing
both hydrophilic and hydrophobic domains which allow
for the differential recognition of GSL substrates.*!]
Specifically, the active site of this enzyme displays a broad,
polar cavity which is lined with polar residues which
facilitate the binding to the oligosaccharide moiety as
compared to a narrow, hydrophobic channel which
preferentially binds to the ceramide head of GSLs. Unlike
the EGCase | enzyme isolated from M. decore sp., which
exhibits a hydrolytic specificity towards a broad range of
GSL series,™ the only commercially available EGCase 1T
enzyme, which is presently available and isolated from
Rhodococcus sp., preferentially binds to the carbohydrate
moieties which include the ganglio-, neolacto- and lacto-
GSL series.") This limiting factor has been noted in several
studies whereby several acidic GSLs of the cerebroside- and
ganglio-series such as sulfatides, GD1b and fucosyl-GM1 as
well as other GSLs of the galactosylceramide and globo
series have been proven to be relatively resistant to the
enzyme.**]

In view of the inherent limitations of the enzyme, several
attempts have been made to enhance the enzyme specificity
by increasing the glycolipid concentration, enzyme
concentration as well as incubation hours of the reaction
mixture. In one study, final concentrations of glycolipid
standards ranged from 20-50 pg for 1 mU of enzyme with
incubation hours ranging from 16 to 48 h.1**! Similarly, in a
more recent study by Karlsson ef al., the authors indicated
that while 1 mU of endoglycoceramidase II enzyme was
sufficient to hydrolyze 50 pg of GSLs of the iso-globo-GSL
series, higher enzyme concentrations together with a 48-h
incubation period were required for the partial release of
globo series GSLs, Gb3 and Gb4.P! However, as shown in
our experiments using the PYDF membrane to immobilize
the glycolipids, we were able to detect glycans derived from
2 to 10 pg of asialo-GM1 and Gb3 standards using as little
as 1 mU of enzyme with a 16-h incubation period. This
improved  sensitivity may be attributed to the
immobilization of GSLs on the PVDF membrane providing
a larger surface area for the interaction between the enzyme
and the glycan portion of the GSLs as compared to an in-
solution digestion. Nevertheless, we did cbserve a 10-fold
decreased release of glycans from Gb3 compared to asialo-
GM1, even when the enzyme was increased to 4 mU. To
validate the approach in biclogical samples, glycans were

released from lipids extracted from approximately 100 mg
of serous ovarian and endometrioid peritoneal cancer tissues
and 1 x 107 ovarian cancer cells using 4 mU of EGCase 1I
enzyme. Other studies have used varying enzyme
concentrations to optimize the recovery of glycans from
GSLs for subsequent MS analysis. One stucly[‘d] used 10
mU of enzyme for approximately 20 mg of tissue sample
over a 16-h incubation period, while another study™ used
a lower enzyme concentration of 2 mU for 20 mg of tissue
samples (100 mU = 1 g of tissue) with an incubation time
of 24 h. These studies utilized the in-solution digestion
system, in which enzyme concentrations appear to be
significantly higher than those used in this study to ensure
sufficient hydrolysis of glycans from GSLs.

In addition, to date, various studies investigating the
enzymatic de-glycosylation of GSLs have been usually
carried out in detergent-based solutions,**** which include
the addition of non-ionic detergents such as Triton X-1001*
as well as bile salts such as sodium cholate and sodium
taurodeoxycholate™ to solubilize the GSLs and increase
enzyme activity. The use of Triton X-100 has been thought
to increase the initial reaction velocity of the enzyme,""! and
this effect was substantiated in another study where the
authors concluded that the addition of this detergent played
dual roles in enhancing both the solubility of the enzyme
and that of the GSLs by the formation of GSL-detergent
micelles in the solution."”) Due to the difficulties associated
with the removal of Triton X-100 and potential contamination
of the detergent in MS analysis, bile salts are more commonly
used, for example, for the hydrolysis of GSLs by glycosidases
such as  endo-p-galactosidase,*>*!  because of  their
compatibility ~with downstream mass spectrometry
analysis.***1 - Alternatively, organic solvents such as
dimethyl sulfoxide (DMSQ), dimethylformamide (DMF) and
tetrahydrofuran (THF) that can be removed vig evaporation
have also been used to facilitate the release of glycans from
GSLs.*"! Utilizing the PVDF-immobilization of GSLs, we
have shown that the use of detergents or bile salts is not
necessary for the enzymatic hydrolysis, as there is no
requirement for solubility of the lipids that have been
immobilized. By doing so, we were also able to eliminate
the subsequent clean-up steps thereby reducing the work-
flow, decreasing sample losses and preventing detergent
contamination of the subsequent MS analysis. The
advantages of the methods were evidenced by the high-
quality mass spectra obtained from various neutral and acidic
GSL-derived glycans released via the PVDF-immobilization
of GSLs extracted from cancer tissues and culture cells.

As demonstrated in this study, the PVDF-based glycan
release method proposed here is well suited for the
chromatographic separation of glycans on porous graphitized
carbon (PGC) and characterization of structure-specific
glycan isomers and isobars wusing negative mode
fragmentation. Moreover, there is also no requirement for
additional labelling steps such as permethylation to be
carried out, thereby resulting in less experimental procedures,
decrease in loss of material and thus increased sensitivity of
glycan detection. The determination of the glycan structures
was facilitated using diagnostic MS® fragment ions
previously described for the analysis of GSL-derived glycans
as well as N- and O-glycans released from glycoproteins
using negative mode LC/ESI-MS/MS.B* Specifically, we
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used the fragment masses of the diagnostic “*A and **A
cross-ring fragment ions to distinguish between type 1
(Galp1-3GlcNAc) and type 2 (Galp1-4GlcNAc) disaccharide
constituents of the glycan structures. The fragment ion 024,
in particular, has been previously reported in several
studies™ ?" to be characteristic of glycans with GIcNAc or
Gle residues substituted at C-4. As shown in our study, this
diagnostic ion was cobserved in the MS/MS spectra of the
globo-series GSL standards, Gb3 (Galal-4Galp1-4Glcff1) and
Gb4 (GalNAcp1-3Galal-4Galp1-4Glcpl), and is indicative of
the C-4 substitution of the inner Gal residue of the Galul-
4Gal sequence. In addition, characteristic MS/MS feature ions
were also observed in the fragmentation spectra of the neutral
fucosylated pentasaccharide isomeric structures on the GSLs
which were found to be expressed in cancer tissues. For instance,
in the serous ovarian cancer tissue sample, we detected neutral
GSL-glycans bearing terminal fucosylation which corresponded
to Lewis A [Galpl-3(Fucal-DGIcNACP1-3Galp1-4Gle] and
H type 1 [(Fucel-2)Galpl-3GleNAcp1-3Galpl-4Gle)] and
H type 2 [(Fucal-2)Galpl-4GlcNAcB1-3Galf1-4Glc)] blood
group antigens, while the peritoneal cancer tissue
sample appeared to contain only Lewis A and H type 2
antigens. [t must also be mentioned that isobaric
pentasaccharide structures of different composition could
also be released from fucosyl-gangliotetraosylceramides
(e.g. Fucal-2Galp1-3GalNAcB1-4Galp1-4Glcfil) which were
not detected in this Nevertheless, the LC/MS analysis of
this structure has been performed in a previous study,"! in
which the authors noted a shorter retention time on the PGC
column for these GalNAc-containing structures as compared
to the later eluting GlcNAc-containing H type 1 and 2
pentasaccharides observed in our study.

In regard to the expression of gangliosides in ovarian
cancer, sialylated gangliosides such as GM3, GD3, GM2 and
GD1la have been previously observed in epithelial ovarian
cancer cell lines by immunohistochemistry.[w] The
significance of these selected gangliosides is far from clear,
although the cells are thought to escape ceramide-mediated
apoptosis through the glycosylation of ceramides.[**! This
conversion leads to the accumulation of gangliosides which
are shed into the tumour micro-environment to suppress
cell-mediated immune functions. In a separate study
involving serous ovarian cancer-derived KF28 cells and
KF28-derived paclitaxel- and cisplatin-resistant cells, Gb3
was increased in both KF28-derived paclitaxel- and cisplatin-
resistant cells, while GM3 was elevated only in the
paclitaxel-resistant cells, thereby suggesting their role in
chemotherapy resistance.™>"!l Here in this study, several
moeno-sialylated gangliosides such as GM3, GM2 and
GM1 were detected in the ovarian cancer cell line,
IGROV 1, and characterized using PGC-LC/ESI-MS/MS.
Of particular interest were the late-eluting isoforms of a
pentasaccharide  which  displayed slightly  different
fragmentation patterns to those of the earlier-eluting
GM1 (Galp1-3GalNAcp1-4(NeuAca2-3)Galpl-4Glcpl-) isomer.
These isoforms were characterized as type 1 and 2 sialyl-
tetraosylceramide structures which had a characteristic
fragment ion at m/z 655" which corresponded to the
NeubAc-Gal-HexNAc fragment. This fragment ion has also
been previously observed in N- and O-glycan fragmentation
in the negative ion mode,”” irrespective of the sialic acid
linkage.

The successful application of this platform of detailed GSL-
derived glycan analysis to ovarian cancer samples
demonstrates the potential for this approach to discovering
new tumour-associated glycan cancer antigens (TACAs). A
majority of the initial work carried out to determine TACAs
in  ovarian cancer has been performed using
immunohistochemistry. For instance, in several studies
involving ovarian cancer tissues™ > and cell lines,”>**! the
di-fucosylated Lewis y antigen bearing terminal ol-2
fucosylation (Fucal-2GalB1-4GleNAcB1-3(Fucal-3)Galf1-4Gle)
has been identified on surface glycoproteins and glycolipids
using specific monoclonal antibodies, and a majority of this
antigen was primarily carried by the two major glycoproteins,
CA125 and MUC], in ovarian cancer.™ While we were not
able to detect this structure in the tissue samples analyzed in
this study, the presence of the mono-fucosylated structure,
Fuco1-2Galp1-4GlcNAcB1-3Galp1-4Gle, also known as the H
type 2 antigen, was detected in abundance in both the
investigated tissue samples. Interestingly, this latter structural
glycan antigen has also been noted previously distinguishing
between ovarian cancers of the serous, endometrioid and
mucinous sub-types. Specifically, the H type 2 antigen,
together with the Lewis Y antigens, were found to be
exclusively expressed in the serous and endometricid
subtypes, thereby distinguishing them from the mucinous
subtype.”’! The corresponding accumulation in al-2 H
epitopes, including the less abundant H type 1 epitope in
serous ovarian cancer tissue, as observed in this study could
be potentially implicated in the escape of immune
surveillance mechanisms via cellular resistance to apoptosis,
as demonstrated in colon carcinoma cells!™! and may
require a closer investigation into their specific expression
in ovarian cancer.

It is widely acknowledged that there is a lack of reliable
diagnostic markers for early ovarian cancer detection and
the importance of the GSL-derived glycan structures in
tumour development and progression is relatively
unexplored. The herein described, relatively simple,
detergent-free, enzymatic release of glycans from PVDF-
immobilized GSLs using a 96-well plate assay, followed by
the detailed structural analysis afforded by PGC-LC/ESI-
MS/MS, offers a versatile method for the analysis of
tumour-derived GSL-glycans. The method displays excellent
intra-assay reproducibility and can detect glycans derived
from pure sample amounts as low as 2 ug, and, importantly,
from 100 mg of cancer tissue or 107 cells. The platform of
analysis provides the means for characterizing the repertoire
of GSL-derived glycans as a potential new molecular
diagnostic, albeit clearly the analysis will need to be done
on statistically significant numbers of samples.
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4.1 Supplementary Data
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Figure 1: Detailed workflow of enzymatic release of PVDF-immobilized GSLs
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Enzyme Substrate Concentration (pg/pl)
Substrate Concentration 2 4 6 8 10
(mu) Peak Area Intensity (x10°)
1 0.068+0.00 | 0.126+0.00| 0.239+0.05 [ 0.391+0.05| 0.603 +0.04
Asialo- GM1
4 0.257+0.09 [ 0.653+£0.21| 1.22+0.15 [ 1.808+0.24| 2.325+0.33
. . 1 0.054+0.00 | 0.106 +0.00| 0.145+0.01 [ 0.194+0.00f 0.25+0.01
Globotriaosylceramide
(Gb3)
4 0.151+0.01 [ 0.229£0.01| 0.275+0.01 | 0.304£0.01| 0.349+0.00

Table 1: Peak area intensities for 1 mU and 4 mU of enzyme concentration for GSL

standards (Asialo-GM1 and Gb3). Values represent mean + SD of two technical replicates.
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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 Typel/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 P. is an ovarian cancer-associated
carbohydrate antigen involved in migration

FULL PAPER

B)C

Keywords: Gb3 (Pk); Gb4 {P); TACA; CD77; ovarian cancer; anti-glycan antibodies

The glycosphingolipid P, is an ovarian
cancer-associated carbohydrate antigen
involved in migration

F Jacob™ "2, M Anugraham3, T Pochechueva', B W C Tse?*, S Alam’, R Guertler'?, N V Bovin®, A Fedier',
N F Hacker®, M E Huflejt7, N Packer® and V A Heinzelmann-Schwarz!%¢

Gynecological Research Group, Department of Biomedicine, University Hospital Basel, University of Basel, Hebelstrasse 20, Basel
4031, Switzerland; “Ovarian Cancer Group, Adult Cancer Program, Lowy Cancer Research Centre, University of New South Wales,
Prince of Wales Clinical School, Building C25 Kensington Campus, Sydney, NSW 2052, Australia; *Department of Chemistry and
Biomolecular Sciences, Biomolecular Frontiers Research Centre, Faculty of Science, Macquarie University, Balaclava Road,
North Ryde, Sydney, NSW 2109, Australia: *Australian Prostate Cancer Research Centre Queensland, Institute of Health and
Biomedical Innovation, Queensland University of Technology, Translational Research [nstitute, Brisbane, QLD 4102, Australia;
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Ul Miklukho-Maklaya, 16/10, Moscow
117997, Russian Federation; *Gynaecological Cancer Centre, Royal Hospital for Women, School of Women'’s and Children’s
Health, Barker Street, Randwick, NSW 2031, Australia and "Division of Thoracic Surgery and Thoracic Oncology, Department of
Cardicthoracic Surgery, New York University Schoo! of Medicine, 550 First Avenue, New York, NY 10014, USA

Background: The level of plasma-derived naturally circulating anti-glycan antibodies {AGA) to P+ trisaccharide has previously been
shown to significantly discriminate between ovarian cancer patients and healthy women. Here we aim to identify the lg class that
causes this discrimination, to identify on cancer cells the corresponding Py antigen recognised by dirculating anti-Py antibodies
and to shed light into the possible function of this glycosphingolipid.

Methods: An independent Australian cohort was assessed for the presence of anti-Py IgG and IgM dlass antibadies using
suspension array. Monoclonal and human derived anti-glycan antibodies were verified using three independent glycan-based
immunoassays and flow cytometry-based inhibition assay. The Py antigen was detected by LC-MS/MS and flow cytometry. FACS-
sorted cell lines were studied on the cellular migration by colorimetric assay and real-time measurement using xCELLigence
system.

Results: Here we show in a second independent cohort (n= 155} that the discrimination of cancer patients is mediated by the IgM
class of anti-Py antibodies (P=0.0002). The presence of corresponding antigen Py and structurally related epitopes in fresh tissue
specimens and cultured cancer cells is demonstrated. We further link the antibody and antigen (P1) by showing that human
naturally circulating and affinity-purified anti-Py IgM isolated from patients ascites can bind to naturally expressed Py on the cell
surface of ovarian cancer cells. Cell-sorted IGROVT was used to obtain two study subpopulations {Py-high, 66.1%; and Py-low,
33.3%) and observed that cells expressing high Pq-levels migrate significantly faster than those with low Py-levels.

Conclusions: This is the first report showing that P antigen, known to be expressed on erythrocytes only, is also present on
ovarian cancer cells. This suggests that P is a novel tumour-associated carbohydrate antigen recognised by the immune system in
patients and may have a role in cell migration. The clinical value of our data may be both diagnastic and prognostic; patients with
low anti-Pq IgM antibodlies present with a more aggressive phenotype and earlier relapse.

*Correspondence: Dr F Jacob; E-mail: francis.jacob@unibas.ch
Received 19 March 2014; revised 5 June 2014; accepted 21 July 2014 @@@@ B]C ﬁ
© 2014 Cancer Research UK. All rights reserved 0007 — 0920/14 BY NG _8A OPEN
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Glycosphingolipids (GSLs) have critical roles in embryonic
development, signal transduction, cell signalling, apoptosis,
receptor modulation, cell adhesion, growth and cell differentiation
and carcinogenesis (Jarvis et al, 1996, Hakomori, 1998; Kasahara
and Sanai, 1999). The presence of tumour-associated GSLs
antigens have been observed in epithelial ovarian cancer
(Pochechueva et al, 2012), which is the fifth mest common cause
of death from all cancers in women and the leading cause of death
from gynaecological malignancies (Ozols, 2006).

Printed glycan array technology (a glycan-based discovery
approach) previously demonstrated that naturally occurring anti-
glycan antibodies (AGA) in plasma of ovarian cancer patients
exhibited specificities towards synthetic Py trisaccharide. In our
previous study, we have demonstrated using a printed glycan array
that anti-P; antibodies can discriminate healthy controls from
ovarian cancer patients (Jacob et al, 2012). This study (on a Swiss
Discovery Cohort) showed that anti-P; antibodies of IgM, IgG and
IgA together were significantly lower in ovarian cancer patients,
thereby discriminating them from healthy controls. The predictive
value of the printed glycan array was validated by two independent
glycan-based immunocassays, ELISA and suspension array
(Pochechueva et al, 2011b).

The PX P and P, carbohydrate antigens, commonly expressed
on GSL, are members of the P blood group system that differ in
their specificity based on their oligosaccharide sequences. In
cancer, the globo (Pk and P) and neolacto (Py) series are precursor
GSL that give rise to well-known tumour-associated carbohydrate
antigens, such as Forssman antigen (Hakomori et al, 1977;
Taniguchi et al, 1981) and Globo H (Gilewski ef al, 2001; Chang
et al, 2008; Wang ef al, 2008). High levels of p¥ (Galxe1-4Galfi1-
4Glef1-1Ceramide; Gb3, CD77), P (GalNAcfS1-3Galxl-4Galfi1-
4Glef1-1Ceramide; Gb4) and Globe H were described in the past
(Wenk et al, 1994).

As shown previously, naturally occurring AGA to Py have the
potential to be used diagnostically in plasma of ovarian cancer
patients. However, it remains unknown whether Py-bearing GSL
are present on ovarian cancer cells and whether naturally occurring
anti-P; antibodies to chemically synthesised carbohydrates in
glycan-based immunoassays bind to these GSL antigens. To our
knowledge, no published reports regarding the role of Py in
malignant transformation, particularly in ovarian cancer, are
available, and the molecular mechanisms underlying GSL expres-
sion on the cell surface, as well as its function, have yet to be
elucidated. Therefore, this study aims (A) to determine the
responsible naturally occurring AGA immunoglobulin class
discriminating cancer from normal; (B) to determine whether
the level of these antibodies are predictive of patient outcome; (C)
to investigate whether the related Py glycan epitopes are present on
cells isolated from ovarian cancer tissues as well as on ovarjan
cancer cell lines; (D) to compare the AGA profiles in ascites and
matched plasma; (E) to compare monocdonal anti-P; antibodies
produced in humans and affinity purified anti-P, antibodies
isolated from ascites; and finally (F) to investigate the functional
role of the P, antigen in ovarian cancer.

MATERIALS AND METHODS

Biospecimens. Two independent patient cohorts from two
different continents were used for the experiments: (A) matched
plasma and ascites from 11 serous FIGO stage III/IV cancer
patients from the previously described Swiss Discovery Cohort
(Jacob er al, 2012); (B) plasma from 155 Australian samples
(Australian Validation Cohort) comprising healthy controls,
borderline tumour and ovarian cancer patients. The Australian
Validation Gohort was split into: (1) borderline tumours and

adenocarcinomas of the ovary, tube and peritoneum (‘tumour
group’), and (2) healthy control women (‘control group’). Patients
were either admitted with an adnexal mass to the Gynaecological
Cancer Centre of the Royal Hospital for Women, Randwick,
Australia or were seen as outpatients to the Hereditary Cancer
Centre of The Prince of Wales Hospital, Randwick, Australia. All
patients were prospectively included after giving informed consent
in accordance with ethical regulations (Hunter Area Research
Ethics 04/04/07/3.04; Scuth Eastern Sydney [llawarra HREC/
AURED Ref08/09/17/3.02). The processing of blood plasma
samples was performed constantly on ice within 3 h after collection
as previously described (Jacob ef al, 2011a, 2012). All clinico-
pathological data (Supplementary Table S1) such as FIGO stage
and grade were incorporated in a specifically designed in-house
database ('PEROV™), which was developed using Microsoft Access
(Microsoft Corporation, Redmond, WA, USA). Diagnosis and
histopathological features were independently re-evaluated by a
pathologist specialised in gynaecological oncology (JS). Blood
samples were stored in aliquots at — 80°C.

Glycan-based immunoassays (printed glycan array, suspension
array and ELISA). The printed glycan array was performed as
previously described (Huflejt ef al, 2009; Bovin et al, 2012; Jacob
et al, 2012). AGA were detected by ImmunoPure goat anti-human
IgA +IgG + IgM conjugated to long chain biotin (1: 100, ‘Comba’,
Pierce, Rockford, IL, USA). To detect the immunoglobulin class,
developed printed glycan array slides were individually incubated
with 1:50-diluted biotin-conjugated goat anti-human IgA, IgG or
IgM (ZYMED Laboratories, Invitrogen, Carlsbad, CA, USA). The
coupling procedures for end-biotinylated glycopolymers and
antibody binding were described before (Pochechueva et al,
2011a, b). Experimental protocol was performed as described
previously (Pochechueva ef al, 2011b). Exceptions were made with
respect to the use of goat anti-human IgG-R-PE or [gM-R-PE
secondary antibodies (Southern Biotech Ass. Inc, Birmingham,
AL, USA). ELISA was performed as described previously
(Pochechueva et al, 2011b).

Extraction and identification of GSLs from cancer tissue
samples and IGROV1 cell line. Fresh primary tissue samples
(~100mg) from a serous ovarian cancer and an endometrioid
peritoneal cancer patient were collected to analyse glycolipids by
negative ion electrospray ionisation mass spectrometry (LC-ESI-
MS/MS). Detailed analysis of the procedure is described in
Supplementary Information.

Affinity purification of anti-P; antibodies. Ascites fluid was
collected from a late-stage serous ovarian cancer patient during
primary surgery. The ascites was processed by centrifugation at
4°C, 3000 g for 15 min. Supernatant was aliquoted and kept frozen
at — 80 °C. Thawed ascites (50 ml) was filtered through a 0.22-gm
filter (Millipore, Billerica, MA, USA) and diluted three times in
PBS (pH 7.4). Glycan-pelyacrylamide-Sepharose stered in 20%
(v/v) ethanol was washed with 10 volumes 20% ethanel,
20 volumes milliQ water and equilibrated with 10 volumes of PBS.
Preprocessed ascites affinity purified against Galwl-4Galfl-
4GleNAcS-polyacrylamide-Sepharose  (P;-PAA-Seph; 10ml). A
constant flow rate of 1 mlmin~" was controlled by the use of an
auxiliary pump (Model EP-1 Econo Pump, Bio-Rad, Hercules, CA,
USA). Protein content and buffer composition was recorded by UV
at 280nm and conductivity, respectively (BioLogic DuoFlow
Workstation, Bio-Rad). The column was washed with PBS
containing 0.05% (v/v) Tween 20, unplugged and stored overnight
at 4°C. The next day, the column was inserted back into the
chromatography system and washed until no protein was detected
anymore. Bound anti-Py antibodies were eluted using 0.2 M TrisOH
(pH 10.2) and neutralised by 2.0m Glycine HCI (pH 2.5). Eluted
anti-Py antibodies were concentrated using the Amicon Ultra-0.5
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centrifugal filter (Millipore), and their concentration was deter-
mined using spectrophotometrically at 280 nm.

Flow cytometry. GSL expression on the cell surface membranes
was analysed by flow cytometry (CyAn ADP Analyzer, Beckman
Coulter, Nyon, CH, USA) prior to antibody labelling. Uncenju-
gated antibodies included anti-P, human IgM (clone P3NIL100;
Immucor Gamma, Radermark, Germany), anti-P; murine mono-
clonal IgM (clone OSK17; Immucor Gamma) and anti-Gb3
monodonal IgG2b (CD77, Pk) (clone BGR23; Seikagaku Biobusi-
ness Corporation, Tokye, Japan). Biotin-conjugated antibodies
included anti-human mouse IgM (BD Bioscience, Basel, Switzer-
land), rat anti-mouse IgM and rat anti-mouse IgG2b (BD
Bioscience). Streptavidin conjugated to FITC (BD Bioscience)
was used for fluorescence detection. Dead and apoptotic cells were
separated from live cells using propidium jodide (BD Bioscience).
Matching isotype monoclonal antibodies conjugated to FITC were
used as controls (BD Bioscience). All investigated cell lines were
gated individually to exclude debris, followed by single cell gating
to remove dead cells and doublets. Data acquisition was performed
using Summit v4.3 (CyAn ADP Analyzer, Beckman Coulter). Data
analysis was performed using FlowJo v9 (Tree Star Inc., Ashland,
OR, USA).

FACS sorting. [GROV1 cells were grown to 80% confluence,
washed twice in PBS and harvested using non-enzymatic cell
dissociation buffer (Sigma Aldrich, Buchs, Switzerland). Cells were
then washed in PBS containing 1% FCS and resuspended to 10°
cells ml =%, Cell suspension (100 pl) was stained with human antj-
P, IgM (BD Bioscience) as mentioned above and run on a BD
FACS Vantage SE DiVa Cell Sorter (BD Bioscience). IGROV1 cell
line was sorted using >90% and <10% fluorescence signal
intensity for Pj-positive cells to receive Py-high and Pj-low
fractions, respectively.

Flow cytometry-based inhibition assay. Monoclonal human IgM
antibody directed to Py (Immucor Gamma, Rédermark) was
preincubated either with Sepharose-P;-PAA or Sepharose-Pk-PAA
(Lectinity Holdings, Moscow, Russia) in different amounts ranging
from 0.015 gmol to 0.06 gmol for 60 min at RT. The supernatant
was further processed as described in the flow cytometry section.

Colorimetric cell migration assay. Sub-confluent tumour cells
were ‘starved’ from serum by incubation in serum-free media for
24h, before harvesting using a non-enzymatic cell dissociation
buffer (Sigma Aldrich, Buchs, Switzerland), washed twice and
resuspended in serum-free media containing 5% (w/v) BSA.
Tumeour cells (7.5 x 10° in 300 ul) were loaded into cell culture
inserts containing a polyethylene terephthalate membrane with
8-micron pores (Millipore). The inserts were assembled into
24-well plates with each well centaining 700 ul of media with 10%
supplemented with fetal calf serum, which was used as chemoat-
tractant. After incubation for 18h at 37°C, the media in the
interior of the insert was removed, and the entire insert was
immersed in 400 of 0.2% crystal violet/10% ethanol for 20 min.
The insert was washed several times in water, and the non-
migrated cells in the interior of the insert were removed using a
cotton-tip swab. After air-drying, five random areas of the inserts
showing the migrated cells were photographed, and cell counts
were performed. Colorimetric cell migration assay was performed
three times.

In addition, parental IGROV1 cells were preincubated with 1%
(w/v) BSA in PBS, the corresponding isotype control (ChromPure
human IgM, Jackson ImmunoResearch Laboratories, Inc., MILAN
Analytica AG, Rheinfelden, Switzerland) and human anti-P; IgM
(clone P3NIL100), both antibodies in a final concentration of
500 ggml ™). After Lh incubation, cells were processed according
to previously described cell migration protocol.

MTT assay. Cultures were incubated with 500 ugml ™' (final
concentration) MTT dye (Sigma-Aldrich, Buchs, Switzerland) in
PBS for 3 h, followed by removal of the medium and dissolution of
the violet crystals in 200l of DMSO. The optical density
(absorbance at 540 nm) was measured with a SynergyH1 Hybrid
Reader (Biotek, Luzern, Switzerland). The data are given as
absorbance at 540nm, representing cell viability as a function of
araC concentration. Bach experiment was petformed indepen-
dently twice from multiple cultures.

Real-time cell migration analysis (xCELLigence). Real-time cell
analysis (RTCA; xCELLigence System, Roche Diagnostics GmbH,
Mannheim, Germany) was used to investigate cell migration in
P;-low and -high serous ovarian cancer [GROV1 cells in a label-
free environment (Solly et al, 2004; Ke et al, 2011). Migration
was examined on 16-transwell plates (Roche Diagnostics GmbH)
with microelectrodes attached to the underside bottom of the
membrane for impedance-based detection of the migrated cells,
Prior to each experiment, cells were deprived of FCS over a period
of 24h. Initially, 160l ‘chemoattractant media (RPMI 1640
containing 10% FCS) and 50 41 RPMI 1640 centaining 1% FCS
was added to the lower and upper chambers, respectively. Sterile
PBS was loaded into the evaporation trophs. CIM-16 plates were
further prepared according to the manufacture’s protocol. Back-
ground signals generated by the cell-free media were recorded.
Cells were harvested using trypsin, counted and re-suspended in an
appropriate volume of RPMI 1640 containing 1% FCS. Cells
(100000 cells per 100l medium) were seeded onto the upper
chamber of the CIM-16 plate and allowed to settle onto the
membrane. Cell-free media was used as negative control. Each
experiment was performed two times in duplicates. The pro-
grammed signal detection for quantification of the cell index was
measured every 15min over a period of 30h. In an independent
migration assay, 5 uM of 1-beta-D-arabinofuranosyleytosine (araG;
Sigma-Aldrich), a DNA polymerase inhibitor, was added to avoid
possible effects on migration caused by cell proliferation.

Statistical analysis. Detailed statistical procedure applied is
described in Supplementary Information.

RESULTS

IgM antibodies in plasma against P trisaccharide are reduced in
patients with tubal, peritoneal and ovarian cancer. In our
previous study, the use of three glycan-based immunoassays
(printed glycan array, ELISA and suspension array), detecting IgM,
IgG and IgA together, revealed significant AGA interactions with
the members of the P blood group system (Pochechueva et al,
2011a, b; Jacob et al, 2012). Overall, less AGA to P, trisaccharide
(printed glycan array, ELISA and suspensien array) and P*
(printed glycan array) were observed in the plasma of the cancer
patient group compared with the control group (Pochechueva et al,
2011b; Jacob et al, 2012).

In this study, we investigated the levels of IgM and IgG AGA in
the plasma of an independent Australian Validation Cohort
(n=155). The cohort consisted of a ‘benign’ contral group
(healthy controls and benign gynaecological conditions; n=281)
and a ‘tumour group (ovarian borderline tumours, ovarian, tubal
and peritoneal cancers; n=74) (Supplementary Table S1). Based
on suspension array data, AGA to the P, trisaccharide belonged
mainly to the IgM class (median, IQR; 9.948log(MFI), 9.351-
10.090log(MFI)) in all the tested samples. Significantly lower IgM
anti-P; antibody levels were observed in the blood plasma samples
of the tumour as compared with the control group (P=10.0002)
(Figure 1A). The tumour group revealed 15/74 (20.3%) samples
having lower AGA levels compared with the lowest control group
sample. Logistic regression did not reveal any relationship between
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Figure 1. Significantly lower levels of anti-Py IgM in cancer patients in the Australian validation cohort (n = 155). (A) Box-and-whisker plots

showing distribution of AGA levels of IgM and IgG to covalently attached P trisaccharide using suspension array. Decreased AGA levels in cancer
patients were cbserved for IgM. (B) Kaplan-Meier curve on relapse-free survival showing that patients with low antibody levels (n = 33; lower than
median fluorescence signal) have slightly earlier relapse (P=0.055) than those with high antibody levels (n =25, higher than median fluorescence

signal).

clinicopathological parameters and anti-P; IgM antibody signatures
in the tumour group. In contrast to IgM, genara]]y lower IgG
antibody levels (median, IQR; 7.35log(MFI), 6.726-7.858log(MFI))
were observed. Both the control and tumour groups were similar in
1gG AGA levels, with no significant difference in between both the
groups (P =0.7248, Figure 1A). We have compared various clinical
parameters recorded along with collection of plasma samples for
each patient. Statistical evaluation revealed a significant discrimina-
tion in FIGO stage of the non-mucinous cancer of ovary, tube and
peritoneum group (FIGO Stage, non-mucinous cancer of the ovary,
tube and peritoneum I/II vs III/IV, P=0.01773, (-test). The
remaining investigated clinical parameters were not significantly
different in their anti-P, IgM antibody levels mentioning Grade (G1
vs G2/3, P=0.2883; {-test) or tumour origin (ovary vs tube vs
peritoneum, P=0.322; ANOVA). An increasing age has previously
been demonstrated to be associated with reduction of AGA in a
cohort of 48 control plasma samples using glycopeptide arrays
(Oyelaran et al, 2009). To investigate the influence of age on anti-P;
antibodies (IgG and IgM), we have applied Pearson’s correlation to
suspension array data and found a moderate negative correlation
(rtho = — 0.33, P<0.01) in the entire cohort (mean age 56.4 (28-87)
years). However, in contrast to the control group that showed a
moderate negative correlation (rho= — 0.37, P<0.01), there was no
correlation between age and anti-P; IgM levels in the tumour group
(rtho= —0.18, P=10.123). This demonstrates that the reduction of
anti-P, IgM is independent of age in the tumour group and further
indicates an association of these lowered IgM levels with the disease.
In contrast, we observed no correlation between age and anti-P, IgG
levels in the control and tumour groups (Supplementary Figure S1).
With regards to the risk of cancer recurrence (relapse-free survival),
we observed that women with low IgM AGA levels to P, (lower than
median fluorescence intensity, n=233) were associated with a
slightly higher risk (P =0.055) of having an earlier recurrence than
patients (n=25) with higher levels of IgM anti-P, antibodies
(hazard rate ratio 2.328, 95% CI 0.96-5.64) (Figure 1B). The disease-
free survival analysis did not reveal any significant effect (P =0.605).

Identification of P blood group-related GSL in cancer tissues.
GSLs were extracted from fresh collected cancer tissues, and the
glycans released from the glycolipids in the form of alditols
(see ‘Materials and methods’) were analysed in the negative ion
mode using LC-ESI-MS/MS to identify P blood group-related
GSLs (Figure 2). The MS” spectra contained adequate information
to facilitate the structural assignment of the glycans based
on the fragment ions arising from various glycosidic and cross-
ring cleavages, which were described previously (Domon and
Costello, 1988).

The base peak chromatograms of the glycan alditols released
from the GSLs extracted from serous ovarian (Figure 2A (a)) and
peritoneal (Figure 2B (a)) cancer tissue showed several compo-
nents. Globotriaosylceramide (Gb3, PY) was detected as [M-H] *
mfz 505.3' ~ at low intensities, and the extracted ion chromato-
gram (EIC) showed it eluting at 15.4 min (Figures 2A b(i) and B
b(i)). The MS* spectra of the precursor ion at m/z 505.3'
(Figure 2C (i)) showed prominent B- and C-type fragment ions (B,
at mfz 161.1' , C, at m/z 1792'  and C, at m/z 341.1' )
corresponding to a (Hex); or Gal-Gal-Glc sequence of Py
Characteristic cross ring fragment ions corresponding to 24A, at
mfz 221.2'  and “?A, at m/z 281.0" " were also present in the
spectrum, thereby confirming the presence of the 4-linked terminal
Gal to the (Gal-Glc) disaccharide (Karlsson et al, 2010). A similar
study indicated the absence of "?A, fragment ion in the MS’
spectrum  of isoglobotriosylceramide (Galx1-3Galfi1-4Glcf1)
(Karlsson et al, 2010) while previous reports have also noted that
this characteristic cross ring cleavage was useful in distinguishing
between Type 1 (Galfi1-3GlcNAc) and Type 2 (Galfi1-4GlcNAc)
chains commonly found in mucins (Chai et al, 2001; Robbe et al,
2004; Everest-Dass et al, 2012).

Globotetraosylceramide (P antigen, Gb4) was detected at [M-H] '
miz 708.3' ~ and the EIC showed it to elute at 17.0 min (Figures
2A c(ii) and B c(ii)). Despite appearing at low intensities, the MS?
spectra of the precursor ion at m/z 708.3" (Figure 2C (ii)) was
indicated by the B- and C-type fragment ions (B, at m/z 2020" ,
By at m/z 5260" , C, at m/z 220.0"  and C, at m/z 382.1" ),
which corresponded to the tetrasaccharide sequence, HexNA-
¢,Hex; or GalNAc-Gal-Gal-Glc of the P antigen, Several Y-ion
fragments seen from the reducing-end were also identified at m/z
343.2' " (Y,) and m/z 5052"  (Y;) while the diagnostic cross ring
cleavages corresponding to >*A; at mfz 424.1'~ and “2A5-H,0 at
miz 467.1'  further confirmed the presence of 4-linked Gal to the
internal Galfi1-4Glef1 of the Gb4 tetrasaccharide.

The pentasaccharide P, HexNAc Hex, or Gal-Gal-GlcNAc-
Gal-Gle, was detected at [M-H] ' m/z 870.3'  at 18.0min in
both tissue samples (Figures 2A d(iii) and B d(iii)). The glycosidic
fragment ions occurring at m/z 305.1' " (B,-H,O ion) and m/z
341.0' (G, ion) indicated the presence of the terminal Gal-Gal
epitope while the Y-type fragment ions at m/z 546.2' (Y5 ion)
and a prominent m/z 708.2' (Y, ion) corresponded to the loss of
the Gal-Gal epitope and terminal Gal, respectively, from the
precursor ion, [M-H] '~ m/z 870.3' ~ (Figure 2C (iii)). Besides
that, the prominent 2’4)(4 fragment ion observed at m/z 6483' " in
the MS? spectra was also characteristic of the terminal Gal residue
linked via a 4-linkage to the Gal-GlcNA¢-Gal-Gle tetrasaccharide.
The cross ring cleavage at “*A;-H,0 at mfz 425.1'  and the
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Figure 2. Py is expressed on cancer tissue cells. (A, B) Base peak chromatograms shown for serous ovarian cancer (A (a)) and endometrioid

peritoneal cancer tissue (B (a). Selected mass peaks (red arrow) corresponding to the composition of the P* trisaccharide (Hexs) (A and B b(i); m/z
505.3" ), P tetrasaccharide (HexsHexNAc;) (A and B c (ii); m/z708.3' ), and P4 pentasaccharide (HexsHexNAc,) (A and B diii); m/z 870.3" *) are
represented as an extracted ion chromatogram (EIC). (C) MS? spectrum of P¥ trisaccharide (Galx1-4Gal1-4Glcf) (i), P tetrasaccharide (GalNAcp1-
3Galx1-4Galf1-4Glcf1) (i) and P4 pentasaccharide (Galx1-4Galf1-4GlcNAcf1-3Galf1-4Glcf) (iii). (D) Representative flow cytometry results

shown as contour plots with outliers demonstrate P; and P* negative cell lines HOSE6-3 and SKOV3. IGROV1 was detected positive with IgMs for
both Py and PX. Representative contour plots showing Py and pk expression (FITC; ordinate) and forward scatter (FSC; abscissa). Given percentage

corresponds to P1/P-positive cells.

absence of the ®?A; at m/z 646.1' ~ further demonstrates the
4-substitution of the GIcNAc residue and the 3-substitution of the
internal Gal and thus tentatively identified this compound as
Galo1-4Galf1-4GlcNAcf1-3Galf1-4Gle, the P, antigen. The
three P blood group antigens were thus shown to be expressed
on the GSL of serous ovarian and peritoneal cancer tissues. There
was insufficient tubal cancer tissue sample to identify the presence
of these antigens.

P, is expressed on IGROV1 cell surface. As IgMs were raised
against the P, antigen in plasma from all types of ovarian cancer
patients, and the P, (P* and P) antigens were found to be expressed
on the GSL extracted from the cancer tissue of these patients, we
established an experimental cell culture model for the investigation
into the functional role of P,. Our panel of immortal cell lines,
including human ovarian surface epithelial cells (HOSE6-3 and

HOSE17-1) and various ovarian cancer cell lines (n=6), were
profiled for P, and P* expression using flow cytometry (Figure 2D).
Serous ovarian cancer cell line IGROV1 was heterogenic for P,
expression (mean 34.1% ranging from 22.8% to 52.8%) based on
human anti-P, IgM (clone P3NIL100) antibody. The second
antibody used in this study, monoclonal murine anti-P, IgM (clone
OSK17), confirmed P; expression on IGROV1 (mean 22.3%
ranging from 22.0% to 33.6%). IGROV1 cells were also positive for
Pk (mean 33.6% ranging from 12.0% to 54.0%). The normal
control cell line HOSE6-3 was negative for both P, and P* as were
the remaining ovarian cancer cell lines (n=5).

To verify the presence of P; on IGROV1 cell line, we isolated
GSLs from this cell line and analysed the released glycan alditols
using negative ion mode LC-ESI-MS/MS. The P, pentasaccharide
at m/z 870.3'  was shown to elute at 20.3min, and the MS*
spectra consisted of B, (m/z 323.1' ), Y5 (m/z 546.3" ) and Y,
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(m/z708.3" ) fragment ions, which corresponded to the Gal-Gal-
GlcNAc-Gal-Gle sequence. The terminal Galx1-4Gal linkage was
also determined by the cross ring fragment ion at >*x, fragment
ion observed at m/z 648.3' ~ (Supplementary Figure S2).

Monoclonal anti-P, IgM bind IGROV1 cells. Both P; and p*
share terminal disaccharide structure of composition Galol-
4Galp1-4Glc(NAc). The monoclonal antibody to P; (clone
P3NIL100) was used in a flow cytometry-based inhibition assay.
Sepharose conjugated PAA-lactose, -N-acetyllactoseamine (Lac-
NAc), -P, trisaccharide, -P* was incubated with the monoclonal
antibody to P; before immunostaining of IGROV1 cells to observe
the degree of inhibition of IgM antibody binding to the expressed
P, on IGROVI cell surface. In this experiment, repeated three
times, flow cytometry of 52.8% P-positive IGROV1 cells revealed
complete inhibition of monoclonal anti-P, antibody by preincu-
bating with 0.015 ymol P, glycoabsorbents (0.04%). In contrast,
less reduction (28.3% by 0.06 mol P¥) of bound anti-P; antibodies
to IGROV1 cells was observed in case of P* glycoabsorbent
(Figure 3). Anti-P, antibodies were only slightly inhibited by
preincubation with glycoadsorbents Lactose (0.06 umol; 46.8%)
and LacNAc (0.06 umol, 44.8%). This clearly demonstrates that
IGROV1 cells express P, on their cell surface, and monoclonal
antibody to P; shows clearly higher affinity to P; compared with
P, It also demonstrates specifically that galactose x1-4 link is
required for antibody binding and that lactose and LacNAc are not
primarily epitopes of P;.

Anti-glycan antibodies levels are similar in ascites and blood
plasma. To determine whether anti-tumour antibodies were
expressed in ascites as well as plasma of patients, we investigated
the presence and distribution of AGA in matched ascites and blood
plasma samples (n =11 patients) for IgA, IgG and IgM together

and separately using the printed glycan array. This was also done
for epitope mapping of ascites-derived human anti-P; antibodies.

We detected a broad spectrum of AGA in both plasma and
ascites (Figure 4). The fluorescence scan of the binding to the
immobilised glycans on the array showed high amplitude of AGA
in ascites of IgG, IgM and IgA in both 50 uym and 10 v glycan-
printed arrays (Supplementary Figure S3). We observed the highest
median relative fluorescence signals in ascites (median, 32.75 x 10*
RFU) and in plasma (43.33 x 10* RFU) for anti-glycan IgM
antibodies. Anti-glycan IgG antibodies showed lower interaction
with the glycans (ascites (8.11 x 10" RFU), plasma (9.80 x 10*
RFU) as well as anti-glycan IgA (ascites (8.8 x 10* RFU),
plasma (10.4 x 10" RFU)). Different levels of AGA to P,
trisaccharide were detected in all the tested ascites and plasma
samples (Figure 4). Highest binding to P, was observed for IgM
(ascites (18.1 x 10" RFU), plasma (14.3 x 10" RFU)) compared
with IgG and IgA.

Matched ascites and plasma AGA signals were not dependent
on the volume of patient’s ascites. Based on raw data sets of 50 um
printed glycan arrays, strong correlation between matched ascites
and blood plasma samples was observed (Figure 4): IgA + IgG +
IgM (CCC=0.889), IgA (CCC=0.888), IgG (CCC=0.961), and
IgM (CCC = 0.950). Correlations were similar for 10 um printed
glycans. This demonstrates that detected AGA levels were
independent of the volume of ascites.

Naturally occurring anti-P; antibodies in ascites bind to cancer
cells expressing P; on their cell surface. The results achieved
from the above experiments demonstrated that (A) anti-P,
antibodies detected by glycan-based immunoassays are reduced
in plasma of cancer patients, (B) P blood group-related glycans are
detectable in tissue samples of cancer patients, (C) IGROV1

o Pk Lactose LacNAc
[ 10 39.1% | |11 50.2%
0.015umol
Anti-P,; (P3NIL100) 0 2OMAOMGOMSOM 1M © 2OMAOMGOMSOM 10M O 2OMAOMSOMSOM 1M O 20M4.0M6oM oM 10M
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Figure 3. Monoclonal anti-P; IgM bind specifically to Py. Monoclonal anti-Py antibody (P3NIL100, positive control) was incubated with different
glycan amounts (0.015-0.06 umol) prior to flow cytometric measurement of binding to IGROV1 cells. Glycoconjugates Sepharose-PAA (-Lactose,
-LacNAc, -Py, -P¥) were applied to test specificity of antibodies to Py by testing the inhibition of binding of the anti-P; antibody. Representative
contour plots out of three independent experiments showing P; expression (FITC; ordinate) and forward scatter (FSC; abscissa). Complete
inhibition is shown by increasing Seph-PAA-P; amount with only minor inhibition of anti-P; antibodies using Seph-PAA-P*.
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ovarian cancer cell line was found to express P, on its cell surface
among all the tested cell lines and (D) profiled ascites contained
AGA to P, trisaccharide. Therefore the following series of
experiments were aimed to investigate whether IgM antibodies
derived from ascites bind to TGROVI and in particular to P,
presented on its cell surface in the same way as the plasma-derived
autoantibodies.

We investigated AGA to P, trisaccharide from an ascites sample
of a late-stage serous ovarian cancer patient. The ascites fluid was
first applied to the IGROV1 cell line in a 1:3 dilution, in which
24.3% of cells were stained positive with ascites-derived IgM
antibodies (Figure 5A). Based on this result, we proceeded to
affinity purify antibodies bound specifically to P, trisaccharide
conjugated to sepharose beads. Affinity-purified proteins yielded a
maximum amount of IgM of 24 ug after concentration. Detection
of purified anti-P; antibodies of class IgM revealed binding to
Py-expressing I[GROV1 (15.1%) (Figure 5A). In contrast, the
ovarian cancer cell line SKOV3, negative for P, and P* expression,
had a positive staining of only 0.29% using the purified IgM-P,
antibodies. This demonstrates for the first time that ascites-derived
AGA directed to P, trisaccharide also bind to naturally expressed
Py on cell surface of ovarian cancer cells. In the following ELISA
experiment on purified IgM-P, antibodies (Figure 5B), higher
values for IgM (ODys50 m = mean 3.23 £5.d. 0.08) compared with
IgG (ODys0 um = 1.08 £0.02) were observed.

Next, we investigated whether purified IgM-P; antibodies bind
to glycan structures other than P, (potential cross-reactivity).
ELISA to a limited number of glycoconjugates revealed in the case
of IgM specific binding to P, trisaccharide, with cross-reactivity to
Gala1-3GalNAc and Gala1-4GlcNAc (Figure 5B). Suspension and
printed glycan array were additionally utilised to study the cross-
reactivity to broader range of glycan structures, other than P,. In
suspension array, the binding of ascites-derived anti-P; antibodies
to Py, PX, Le¥ and a-rhamnose was tested. No preferential bindiné
was observed comparing P, and PX (P, 4.11log(MFI); P
4.24log(MFI), IgM class). In contrast, Le” and a-rhamnose coupled
beads revealed only minor binding. In the printed glycan array
(Figure 5C), we applied a threshold of 5% to the highest median
fluorescence signal (19443 RFU; Galxl-4Galff1-4Glc-sp3) to
eliminate potentially unspecific binding as described previously
(Huflejt et al, 2009). We identified that affinity-purified IgM-P,
antibodies bound to P blood group-related structures as the top 10
glycans (Supplementary Table S2). Most of the identified low-
affinity binding to glycan structures had substructures of the P,
antigen such as Galfi1-4Glc(NAc) with 63.0% and Galz1-4Galf
with 22.2% binding reactivity (Supplementary Table S2). This
demonstrates that affinity-purified IgM-P, antibodies preferen-
tially bound to both P* and P, trisaccharide.

P, expression leads to elevated migration rate in ovarian cancer
cells. GSLs on the cell surface are described to have several
functions in cellular processes, such as pathogen recognition,
angiogenesis, cell motility and cell migration (Panjwani et al, 1995;
Todeschini et al, 2008; Hakomori, 2010). Migration is a common
feature in cancer cells, and therefore we investigated whether or
not the presence of P, affects cell migration by using a flow
cytometry-based cell sorting of IGROV1 cells to separate Py-high-
from P;-low-expressing subpopulations. After further sub-cultiva-
tion, P, expression in Pi-low IGROV1 cells was determined by
murine monoclonal anti-P, IgM (OSK17; 18%) or human anti-P,
IgM (P3NIL100; 33.3%). In contrast, Py-high-expressing [GROV1
cells were 50.0% and 66.1% positive for Py, respectively, for these
antibodies (Figure 6A).

Utilising these P,-sorted cell lines, we hypothesised that the
presence of P affects cell migration. Significantly higher migration
was detected in P,-high-expessing when compared with P,-low-
expressing IGROV1 cells after an 18h incubation period
(P=0.0006) (Figure 6B), as shown by colorimetric cell migration
assay. In addition to end-point migration assay, real-time and
label-free measurement of Py-sorted IGROV1 cells was performed
using the xCELLigence system. A number of 100000 cells was
seeded into each well of the upper chamber, and migration through
the microporous membrane were recorded as cell index. [GROV1
cells with higher P, were significantly faster after 20h (P=0.035)
than low P, cells. Longer incubation periods resulted in no
difference between both subpopulations (30h; P=0.1337, 40h;
P=1; Figure 6C). To avoid the influence of potentially elevated
proliferation effects, 5 jim cytosine arabinoside (araC) was added to
the cell culture (Supplementary Figure S4). In concordance with
results on the colorimetric cell migration assay and observations on
initial xCELLigence experiment, cells with elevated P, displayed
high basal migratory activity as indicated by the increases in cell
index values, reflecting the number of migrating cells. In contrast,
P,-low-expressing cells failed to migrate under experimental
conditions. With regard to migratory kinetics, P;-high-expressing
cells migrated rapidly and demonstrated elevated (4.7-fold) cell
index of 0.3434 + 0.054 (mean +s.d.) as compared with P,-low-
expressing cells (0.0726 +0.029; P=0.004, CI 0.1-0.45). This
difference remained constant throughout the 40h time course
experiment (20 h-3.6-fold (P<0.001, CI 0.32-0.66); 30 h-3.6-fold
(P<0.001, CI 0.40-0.75); 40 h-4.6-fold (P<0.001, CI 0.49-0.84);
Figure 6C). These findings demonstrate that ovarian cancer cells
expressing Py on their cell surface migrate faster compared with
low-P,-expressing cells originated from the same parental cell line.

In order to confirm that P, is involved in cell migration, we
performed the colorimetric cell migration assay with anti-P, IgM-
pretreated [GROV1 cells. The results (Figure 6D) showed that the
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Figure 5. Human ascites-derived affinity-purified anti-P; antibodies bind to IGROV1 cells. (A) Flow cytometry-based contour plots demonstrate
the presence of IgM antibodies in ascites (1:3 diluted in PBS) bound to IGROV1 cells (ascites IgM, 24.3%) compared with unstained sample

(control). Affinity-purified anti-Py IgM (1 : 20) bound to IGROV1 cells (15.1% of Ps-positive cells). (B) Representative ELISA demonstrating the cross-
reactivity of affinity-purified anti-P; antibodies of class IgM (dark grey) and IgG (light grey) to investigated glycans linked to PAA. (C) Printed glycan
array data (scatterplot for 50 um vs 10 um saccharide prints) showing cross-reactivity to glycans sharing related carbohydrate structures. Grey area
indicates unspecific binding of AGA as determined by 5% threshold. Inter-quartile range is shown for each glycan horizontally and vertically for

50 um and 10 um, respectively.

percentage of migrated cells was significantly lower (reduction by
64%; P<0.001) in cultures preincubated with the anti-P, IgM
antibody. Pretreatment with the respective IgM isotype control did
not affect the migration of IGROV1 cells.

DISCUSSION

Unlike P¥, which has been extensively studied in the areas of
verotoxin-mediated cytotoxicity, human immunodeficiency virus
infection, immunology and epithelial carcinogenesis, there is,
to our knowledge, no published study of P; and its potential

presence, immunogenicity and its functional role in oncogenesis.
Using glycan-based immunoassays, we have previously demon-
strated that naturally occurring AGA significantly distinguish
healthy controls from ovarian cancer patients (Pochechueva et al,
2011b; Jacob et al, 2012). The present study demonstrates that: (A)
an unknown subpopulation of cancer patients show reduced levels
of anti-P; IgM antibodies in an extended and independent cohort
from another continent (Australian Validation Cohort), (B) P, P
and P, carbohydrate antigens are detectable in cancer tissue as well
as on the cell surface of cultured ovarian cancer cells, (C) ascites
contains similar anti-glycan IgM-P; antibody levels compared with
blood plasma independent of its volume at the primary diagnosis,
(D) naturally occurring AGA of IgM class derived from ascites of a
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ovarian cancer patient bind to naturally expressed and chemically
synthesised P, on glycan arrays, and (E) the presence of P; on
ovarian cancer cultured IGROV 1 cells leads to enhanced migration.

Our results demonstrate that the significantly lower anti-P,
antibody levels observed in cancer patients were primarily due to
the reduction of IgM but not IgG antibodies. This is in full
concordance with the literature on the IgM type anti-Thomsen
Friedenreich antibodies (Desai et al, 1995) and anti-Lewis C
antibodies in breast cancer (Bovin, 2013). A very recently
published work demonstrated significantly reduced human IgM
antibodies to another GSL (N-glycolylneuraminyl)-lactosylcera-
mide (NeuGcGM3) in non-small cell lung cancer patients
(Rodriguez-Zhurbenko et al, 2013). Therefore we can assume that
IgM class of naturally occurring AGA was able to discriminate
between cancer and healthy controls. Natural IgM antibodies
belong to the innate immune system and are primarily produced
by Bl or CD5+ cells (Boes, 2000; Martin and Kearney, 2001; Viau
and Zouali, 2005). As part of the natural immunity, the binding of
IgM to conserved carbohydrate structures acts as a first barrier to
all invasive particles (‘external’) and alterations on proteins and
lipids within an organism (‘internal’) (Vollmers and Brandlein,
2007). To date, several human monoclonal antibodies directed to
tumour-associated carbohydrate antigens have been isolated. For
instance, the monoclonal IgM antibody, SAM-6, specific for
cancerous tissue was first derived from a gastric cancer patient
(Pohle et al, 2004). Later, it was found that the receptor for SAM-6
is a tumour-specific O-linked carbohydrate epitope on GRP78, a
central regulator of endoplasmatic reticulum in protein folding
(Li and Lee, 2006). PAM-1, another monoclonal IgM antibody,
binds to a tumour-specific N-linked carbohydrate epitope, a
posttranslational modification on cysteine-rich fibroblast growth

factor receptor, CFR-1. This antibody also inhibited tumour
growth in vitro and in animal model systems by inducing apoptosis
(Brandlein et al, 2003, 2004a, b). Consistent with the findings of
Vollmers and colleagues regarding SAM-6 and PAM-1, our
observation based on hierarchical clustering indicates that AGA
preferentially bind to substructures of the glycan epitope (Jacob
et al, 2012). Besides that the decrease of AGA mainly of the IgM
class in gynaecological cancer patients (Jacob et al, 2012) also
points to an involvement of naturally occurring IgM autoantibo-
dies, which recognise GSL structures. We further propose that
Galx1-4Galfi1-4Gle(NAc) (present in P, P* and P, antigens) are a
result of malignant transformation and could serve as an ‘internal’
epitope on GSLs that is recognised by naturally circulating anti-
glycan IgM antibodies.

The observation of lower levels of anti-P, IgM compared with
anti-P; TgG in cancer patients is very intriguing, and although
exploring the underlying mechanisms was beyond the scope of the
study, we speculate on a number of possibilities. The elevated
presence of corresponding antigens on cancer cells, in our case P,
GSL, may be bound by circulating anti-P, IgM and therefore no
longer be freely floating in the plasma and ascites. Another
potential mechanism may be tumour-induced immune suppres-
sion. It is known that ovarian cancers employ a range of strategies,
such as secretion of immunosuppressive cytokines, to facilitate
their escape from immune destruction (Lavoue et al, 2013). It is
possible that this may lead to reduced antibody production against
cancer-associated antigens, for example, Py, conferring a survival
advantage to cancer cells. The antibody repertoire in cancer
patients would therefore be different. Another possible mechanism
is the occupation of anti-P; IgMs by cancer cells (including
circulating tumour cells) by virtue of their surface expression of
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Py, leading to a reduction in the amount of unbound antibody in
plasma and/or ascites. The formation of immune complexes
consisting of Py antigen shed from cancer cells, and anti-P; IgMs,
may further contribute to this reduction. A prominent example in
the literature for the formation of circulating immune complexes
consisting of Lewis x and antibodies has been shown in
Helicobacter pylori-infected human (Chmiela et al, 1998). With
regards to no change being observed in the anti-P; [gG levels, we
expected differences preferentially in the case of IgM rather than of
1gG as glycan-based antigens are T-cell-independent antigens and
are recognised by the innate immune system.

Our mass spectrometry results demonstrated that these Py, px
and P antigens are expressed on ovarian and peritoneal cancer
tissues. The functional role of the GSL that carry these structures in
carcinogenesis is poorly understood, especially in the case of Py
and P. It was recently described that a monoclenal anti-pX
antibody (E3E2) inhibited angiogenesis and tumour development
(Desselle et al, 2012). Enhanced expression of P* has also been
shown to cause doxorubicin resistance in breast cancer cells (Gupta
et al, 2012). Cisplatin-resistant pleural mesothelioma cells were
shown to be sensitised to cisplatin by the addition of sub-toxic
concentrations of Verotoxin 1 (Johansson ef ai, 2010). In addition,
we also demonstrate that Py and PX antigens are also present on the
surface of the IGROV1 serous ovarian cancer cells. IGROV1 is,
therefore, to the best of our knowledge, the only immortal cell line
from several investigated that expresses Py. Using monoclonal
antibodies against Py, only minor cross-reactivity to other glycan
structures was observed in glycan-based immunoassays (not
shown). Furthermore, based on the flow cytometry inhibition
assay using [GROV1 cells as an investigative model, the specificity
of moneclonal antibodies to Py as shown by the full saturation of
anti-P; antibodies by inhibition with 0.06 umol glycan on
sepharose beads indicates that IGROV1 expresses P; on the cell
surface.

Serous pelvic masses commonly present with malignant ascites,
a plasma—protein-rich intraperitoneal exudate of up to several
litres. Several pathophysiological mechanisms are necessary for
malignant ascites occur: (a) decreased lymphatic ascites absorption,
(b) increased capillary permeability, (¢) increased overall capillary
membrane-surface area available for filtration, and consequently
(d) an increased intraperitoneal oncotic pressure due to intraper-
itoneal protein concentration (Tamsma ef al, 2001). Using the
printed glycan array, we observed an unexpectedly rich spectrum
of AGA with similar amounts in plasma and ascites. These findings
suggested that there is an equilibrium between both body fluids.
Early lymphatic obstruction is one of the first manifestations of an
inflammatory reaction (Feldman, 1975). As IgM has an important
role in inflammation with multivalent antigen binding due to its
pentameric structure and as the first immunoglobulin class
produced in a primary response to an antigen, lymphatic
obstruction may result in a rapid increase in IgM secreting plasma
cells. Natural circulating AGA have also been described in various
inflammatory conditions, including diabetes mellitus type 1
(Gillard et al, 1989), chronic inflammatory bowel and Crohn’s
disease (Malickova et al, 2006) and in patients with cancer (Young
ef al, 1979; Springer, 1984; Springer et al, 1988; Desai ef al, 1995)

We also investigated the expression of A4GALT Py- and pX
profiled cell hnes As seen in our study, A4GALT is overexpressed
in the P;- and P© -positive ovarian cancer cell line IGROV1 (]acob
et al, 2011b), suggesting that A4GALT is not enly involved in P*
but also in Py synthesis in ovarian cancer cells. We propose that
A4GALT is involved in the progression of various ovarian and
peritoneal cancers; however, the molecular link between A4GALT
mRNA levels and P; expression remains unknown. This is
consistent with suspension array results in which no tested clinical
parameters were shown to correlate with lower AGA levels to Py
trisaccharide. A recently identified single nucleotide polymorphism

(CT conversion) encoding an additional exon in the genomic
region of A4GALT (Thuresson et al, 2011) could probably explain
the presence of Py in cancer cells. However, it is undlear whether
the overexpressmn of A4GALT is causative for the synthesis of Py
or PXin profiled cancer cell lines. The invasive phenotype of colon
cells Tacking P* could be induced and inhibited by the transfection
of Gb3 synthase (A4GALT) or RNA interference, respectively
(Kovbasnjuk et al, 2005) Another immunochistochemistry-based
study showed that P* expression was elevated in colorectal cancers
and their metastases; however, A4GALT mRNA levels, protein
expression or galactosyltransferase activity were not investigated
(Falguieres et al, 2008). The potential role of A4GALT in cancer
initiation or progression needs to be elucidated in future studies
with respect to all P blood group-related glycans.

For the first time, we also observed migration rate in Pq-high-
expressing cells, and this was even more obvious when araC, a
proliferation inhibitor, was added to the cultures (Roy et al, 2006).
The addition of araC confirmed that the observed difference in
migration was indeed due to altered cell migration and not cell
proliferation. Our results suggest an involvement of P, in cell
migration, but the underlying molecular mechanisms are unknown.

Finally, this study provides further evidence that P blood group-
related antigens have a role in carcinogenesis and those naturally
occurring anti-glycan IgM antibodies against them may have the
potential to discriminate ovarian cancer patients from healthy
individuals. If these surface antigens prove to be indeed tumour-
specific, they may become candidate molecular targets for potential
imaging tools for confocal fluorescence endoscopy and positron
emission tomography and as teols in targeted immunotherapy
(Janssen ef al, 2006; Viel et al, 2008).
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4.4 Supplementary Information

SUPPLEMENTARY INFORMATION

Material and Methods

Cell cultures

Normal human ovarian surface epithelial cell line originated from the ovary (HOSEG6-3) and
ovarian cancer cell lines OVCAR3, SKOV3, A2780, IGROV1 were cultured in RPMI 1640
medium containing penicillin/streptomycin and 10% fetal calf serum (FCS). Ovarian cancer
cells TOV112D and TOV21G (clear cell) were cultivated in DMEM containing 10% FCS and
penicillin/streptomycin. Cell cultures were maintained at 37°C in 5% CO; and tested routinely
for mycoplasma infection (VenorGeM® Mycoplasma Detection Kit (Biocene Pty Tid,

Rozelle, Australia) and (Uphoff & Drexler, 2005)).

Extraction of GSLs from cancer tissue samples

Fresh primary tumor samples from patients with serous ovarian cancer and endometrioid
peritoneal cancer were washed twice with PBS. GSLs were extracted as previously described
(Korekane et al, 2007). Briefly, tissues (~100mg) were homogenized in 5ml of chloroform:
methanol (2:1) and stored for 2h at room temperature (RT), with intermittent sonication for
30sec every 30min. Prior to centrifugation at 1800xg for 15min, 2.5 ml of methanol was
added to the homogenate. Supernatant was collected and residual tissue was homogenized
again in 3ml of chloroform:methanol:water (1:2:0.8). The tissue homogenate was stored for
2h at RT and subjected to centrifugation at 1800xg for 15min. Supernatant was collected and
combined with the previous supernatant and evaporated under vacuum. The dried residue
containing the glycosphingolipid mixture was then re-dissolved in 100ul of

chloroform:methanol (2:1).

Extraction of GSLs from IGROV1 cells
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Ovarian cancer cell line IGROV1 was grown in large quantities (1 x 108), harvested and
stored in -80°C until use. GSLs were extracted as previously described with some
modifications (Durrant et a/, 2006). Cells were harvested and washed thrice in 10ml of PBS
and centrifuged at 1800xg for 15min. A volume of 5ml of chloroform: methanol (2:1) was
added to the cell pellet and the tube was kept overnight in a 4°C incubator shaker prior to
centrifugation at 1800xg for 15min. Supernatant was collected and pellet was re-extracted
again as described above. The combined supernatants were subjected to centrifugation at
1800xg for 15min to remove residual protein pellet. The supernatant was evaporated to
dryness under vacuum and the dried residue containing the glycosphingolipid mixtures was

re-dissolved in 50pl of chloroform: methanol (2:1).

PVDF blotting of extracted GSLs, enzymatic release of glycans and purification of
glycan alditols

GS1s were blotted onto a polyvinylidene diflouride (PVDF) membrane, an adaptation from a
previous method developed for the release of N- and (U-glycans (Jensen et ai, 2012). Re-
dissolved glycosphingolipid mixtures (50ul) were blotted (10ul x 5 times) onto cut pre-
activated PVDF spots which were placed in a chloroform-compatible 96-well microtitre plate.
Neutral and acidic glycosphingolipid standards (10ul) were blotted (2.5ul x 4 times) on
dividual PVDF spots. The spots were air-dried at RT to ensure proper binding of GSLs to
the membrane. Once the spots were dried, the glycosphingolipid mixture (acidic and neutral)
was digested with SmU of Endoglycoceramidase 11 (EGCase 11, recombinant clone derived
from Rhodococcus sp. and expressed in Escherichia coli, Sigma-Aldrich, St. Louis, USA) in
50ul of 0.05M Sodium acetate buffer pH 5.0 for 16h at 37°C. The 96-well microtiter plate
was sealed with parafilm to avoid sample evaporation. After incubation, approximately 50ul
was recovered from the individual PVDF spots and transferred to 1.5ml Eppendorf tubes. The

sample wells were washed with 50l of water and combined with the enzyme mixture of
2
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released glycans for ecach sample. The reaction was stopped by adding Iml of
chloroform:methanol:water (8:4:3) (Karlsson et al, 2010). The upper layer (methanol:water)
containing the released oligosaccharides (~400ul) was dried and used for subsequent
reduction and desalting steps.

Released glycans were reduced to alditols with 20pul of 200mM sodium borohydride in
50mM potassium hydroxide at 30°C for 2h. The reduction mixture was quenched using 3ul of
100% glacial acetic acid.

Glycan alditols were desalted using cation exchange columns that were prepared
individually. Approximately 45ul of cation exchange resin beads (BioRad, Hercules, USA;
AGS50W-X8) were deposited onto reversed phase n-C18 ZipTips (Perfect Pure, Millipore,
Billerica, USA) that were placed in individual microfuge tubes. The tubes were then subjected
to a brief spin and followed by a series of individual pre-washing steps with a) 30ul of 1M
HCI, b) 30ul of methanol and ¢) 50pul of water. Each washing step was repeated three times, in
which the columns were subjected to a brief spin after the addition of each solution.
Approximately 20ul of glycan alditols were applied to the previously prepared cation
exchange columns and they were eluted with water (50pl, twice) and dried. Residual borate
was removed by drying the samples under vacuum after the addition of methanol (100ul,
thrice). The purified glycan alditols were re-suspended in 15ul of water prior to mass

spectrometry analysis.

Negative-mode LC-ESI-MS of released glycan alditols mixtures

Samples (4ul) were injected onto a Hypercarb porous graphitized carbon (PGC) capillary
column (5 um Hypercarb KAPPA, 180um x 100mm, Thermo Hypersil, Runcorn, UK) using a
Surveyor auto-sampler. The separation of glycans was carried out over a linear HPLC
gradient of 0-45 % (v/v) acetonitrile/ 10mM ammonium bicarbonate for 35min followed by a

10min wash-step using 90 % (v/v) acetonitrile/ 10mM ammonium bicarbonate at a flow rate
3
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of 3ul/ min. Glycans were analyzed by nanoLC-MS/MS using a LTQ linear ion-trap mass
spectrometer (LC/MSD Trap XCT Plus Series 1100, Agilent Technologies, USA) which was
connected to an ESI source (Agilent 6330, Agilent Technologies, USA). The MS spectra were
obtained within the mass range of m/7z 200 - m/z 1500. The temperature of the transfer
capillary was maintained at 300°C and the capillary voltage was set at 3k V. Neutral and acidic
glycans were detected in the negative ion reflector mode as [M-H] ions and their signal
intensities analyzed using Compass Data Analysis Version 1.1 software (Bruker Daltonics,
Billerica, USA). The proposed oligosaccharide structures of experimental samples were
verified through annotation using a fragmentation mass matching approach based on the
MS/MS data and further validated based on the retention times of specific glycan masses of

released glycans from glycosphingolipid standards.

Statistical analysis

All evaluations were performed using the R statistical programming language, version 2.15.1
(http://www.r-project.org/). Suspension array data are presented as logarithmized median
fluorescence intensity (log(MFI)) which is defined as relative fluorescence unit (RFU). Two-
group comparison was performed by Welch Two Sample r-test. Logistic regression was
performed to predict low anti-P, trisaccharide antibody levels in the tumor group, with linear
predictors being “cancer histotype”, “FIGO stage”, “grade™, “CA125”, “tumor origin”, “ABO

EERN3

blood group”, “past history of infections”, “BRCA1/2 status™ and “smoking”. Cox regression
was performed on relapse- and disease-free survival to investigate the prediction of anti-P;
trisaccharide antibodies. Results are presented as differences of mean wvalues with
corresponding 95% confidence intervals (CI) and p-values. A p-value <0.05 was considered

significant. Pearson’s correlation was applied to investigate the relationship between age and

AGA levels.
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In regards to printed glycan array experiments, the concordance correlation coefficient
(CCC) was applied on total signal intensities as a median out of eight replicates (relative
fluorescence unit, RFU) in order to calculate the correlation of AGA comparing ascites and
blood plasma. The CCC was calculated on both printed glycan concentrations (10 and 50uM)
for IgA+IgG+IgM together, as well as individually for IgA, IgG and IgM. The results were
summarized in scatter plots.

In regards to xCELLigence experiment, to compare the effects of "P;-high versus Pi-
low" expressing IGROV1 cells with and without inhibitor araC, a linear mixed effects-model
was applied across time points. Factors "high-low", "with/without inhibitor" and "time" were
modified parameters. Measured cell indices were treated as a random effect. "Pihigh-low"

was nested in "Inhibitor"”, "Inhibitor" was nested in "time".
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4.5 Supplementary Data

Table 1S Clinicopathological characteristics of ovarian cancer cohort (n=155)

Disease status n % Totalin%
Control group (81) Healthy and benign 81 100 52.3
Tumors (74) Borderline tumor 8 10.8 47.7
Ovarian cancer 38 51.3
Peritoneal Cancer 19 25.7
Tubal Cancer 9 12.2
FIGO Stage (74) I 17 23.0
1l 3 4.0
] 40 54.0
v 9 12.2
unknown 5 6.8
Grade (74) Borderline 8 10.8
1 7 9.5
2 4 54
3 55 74.3
Histotype (74) Serous 53 71.6
Mucinous 10 13.6
Endometrioid 3 4.0
Mixed 3 4.0
Clear cell 2 2.7
Transitional cell 2 2.7
Undifferentiated 1 1.4
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Figure 1S Identification of P, in ovarian cancer cell line (IGROV 1) using negative ion mode LC-ESI-
MS/MS Base peak chromatogram is shown for glycans extracted from GSLs of ovarian cancer cell
line, IGROV 1 (A). Representative extracted ion chromatogram (EIC) of the P1 pentasaccharide
(Hex,HexNAc,) at m/z 870.3" as indicated by the selected mass peak (red arrow) (B). MS? spectrum
of the m/z 870.3" ion which corresponds to P, pentasaccharide (Galal-4Galp1-4GlcNAcB1-3Galp1-

4GIcp1)(C).
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Figure 2S Representative fluorescence scan of randomly selected patient profiled for AGA in ascites

(right panel) and blood plasma (left panel) on 50uM and 10uM prints

50 um 10 uM

Ascites: IgA + 1gG + IgM

Ascites: laA

50 uM 10 uMm

Plasma

Plasma:

Ascites: laG

Ascites: laM
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Table 2S Summary of profiled printed glycans showed binding with ascites-derived anti-P,

antibodies

Glycans are ranked from highest to lowest median RFU referring to AGA levels. The presence of

particular disaccharide motifs is indicated by “X”.

P, trisaccharide is highlighted in bold.

Abbreviations: Lewis x (Le*); Lewis y (Le"); Lewis b (Le®); H antigen (H); Tn antigen (TnSer); Lacto-N-

fucopentaose | (LNFP-1).

Median Spacered form of saccharide Common o
RFU name <ZC ==
<
5 9
Q 2
I 3
=z 8
o]
1. 19443 Galal-4GalB1-4Glcp-sp3 P, Gb3 X X
2. 11807.5 GalNAcP1-3Galal-4GalB1-4Glcp-sp3 Gb4, P X X
3. 112095  Galal-4Galp1-4GlcB-sp2 P, Gb3 X X
4. 8251 Galol-3GleNAcB-sp3
S. 7772 Fucal-4(Fuca1-2GalB1-3)GlcNAcB 1-3GalB 1-4Glcp-sp4 Le*-Lac X
6. 7501  Fucol-4(Fucol-2Galp1-3)GIcNAcP-sp3 Le®
7. 7218 Galp1-4GleNAcol-6Galp 1-4GIcN AcB-sp2 X
8. 6224  Galo1-4Galp1-4GlcNAcB-sp2 Py X X
9. 4380 Galol-4(Galo1-3)Galp1-4GleNAcB-sp3 X X
10.  3855.5  Fucol-2Galf1-4(Fucol-3)GIcNAcB-sp3 Le’ X
11. 3557  GalNAcB-sp3 B-GalNAc
12. 3492 Galol-4(Fucol-2)GalB1-4GlcNAc X X
13. 31425  4-O-Su-Galp1-4GlcNAcp-sp3 4'-0-Su- X
LacNAc
14. 2863.5 Manal-6(Manal-3)Manol-6(Manal-3)Manf-sp4 Man5
15. 1655  ManNAcf-sp4 B-ManNAc
16. 1647 Fucol-2Galp 1-4(Fucal -3)GlcNAcB 1-3Gal B 1-4 Glef3-sp4 Le"-Lac X
17. 1471 GalNAcoi-sp0 TnSer
18. 1435 Galal-4GlcNAcp-sp3 a-LacNAc
19. 13355  (Glcal-6)sB-sp4 maltohexaose
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20.

21.

22,

23,

24,

25.

26.

27.

1302

1289

1250.5

1132

1095.5

1057.5

1020.5

985.5

Fucal-2GalB1-3GlcNAcB1-3Galp1-4GlcNAcB-sp2
Galp1-3GlcNAcal-3Galp1-4GlcNAcB-sp3
Fucal-2GalB 1-4GIcNAcB-sp3

Galo1-3GalB 1-4GIcNAcB-sp3
6-0-Su-GalNAcP1-4GIcNAcB-sp3
GlcNAcB1-4Mur-L-Ala-D-i-Gln-Lys
Galol-4GIcNAcP1-3Galp1-4GleNAcB-sp3

Fucal-2GalB1-3GlcNAcB1-3Galp1-4GleB-sp4

H(type 1)
penta
H (type 2)
aGalLe”
6'-0-Su-

LacdiNAc
GMDP-Lys

LNFP-1
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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
[IT) 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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CHAPTER V: CONCLUSIONS
AND FUTURE DIRECTIONS




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
glycosyltransterase 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 MS? 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 ez. 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 MS? 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 Mans ¢GlcNAc, 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-y 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- y
glycosylation patterns. It is therefore unclear, it 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 02-6 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 02-6 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,
MGATS and ST6GALI that code for the enzymes responsible for the addition of bisecting-
type N-glycans and 02-6 sialylation (Chapter 2). This subsequently led to the observation
that MGATS3 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 GIcNAc on the
membrane proteins of serous cancer tissues of ovary, peritoneum and tubal origin, apart

from the previous lectin-based identification of bisecting GIcNAc 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 GalNAcf1-4GlcNAc (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 B1 integrin has been implicated in the suppression of tumour
growth for neuroblastoma (Hsu, Che et. al, 2011), while the expression of B#GALNTS and
B4GALNT4 were found to be implicated in tumour progression of colon (Huang, Liang et.

al., 2007) and prostate cancers, respectively (Fukushima, Satoh ez. 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 1205.0%) 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.

¢) 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 (GlcNAcP1-4GlcNAcB-Asn) present on N-glycoproteins
and globo-series Py (Gala1-4Galf1-4Glcf1) and P, (Galo1-4Galf1-4GlcNAcPB1) 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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(NeusAco2-3GalB1-4-(6-Su)GlcNAcP, NeusAco2-3Galf1-3-(6-Su)GalNAca) and Type 2
chains (GalB1-4 GleNAc B1-6Galpf1-4GlcNAcP) 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 (Px, P, 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 P, 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-P, 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

difterentially 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, difter 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 (Fuca1-2Galf1-4GlcNAcB1-3Galf1-4Glc), is also a
precursor of the Lewis Y antigen bearing (Fucal1-2Galp1-4(Fuca1-3)GlcNAcB1-3GalfB1-
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 successtully 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 ez 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-
tfetoprotein (AFP-L3), a serum glycoprotein, have been used to distinguish hepatocellular
carcinoma (HCC) from chronic liver disease (Kim, Kim ez 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 eftectively 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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Appendix A: FIGO staging

Stage Characteristics
0 Carcinoma in situ (limited to tubal epithelium [mucosa])
STAGE I: Tumor confined to fallopian tube
A Growth limited to one fallopian tube without extension through or onto serosa,

ascites containingmalignant cells, or positive peritoneal washings

1A-0 Growth limited to one fallopian tube, tumor mass is intraluminal with no invasion of
lamina propria (submucosa) or muscularis

A1 Growth limited to one tube with invasion of lamina propria but no extension into
muscularis

[A-2 Growth limited to one fallopian tube with invasion of the muscularis

B Growth limited to both tubes without extension through or onto serosa, ascites

containing malignant cells, or positive peritoneal washings

B0 Growth limited to both fallopian tubes, tumor mass is infraluminal with no invasion of
laminapropria (submucosa) or mauscularis

(B-1 Growth limited to both tubes with invasion of lamina propria but no extension into
muscularis

IB-2 Growth limited to both tubes with extension into muscularis

c Tumor either stage IA or IB with extension through or onto tubal serosa; or with

ascites present containing malignant cells or with positive peritoneal washings

I(F) Tumor limited to fimbriated end of fallopian tube(s) without invasion of tubal wall

Stage II: Tumor involving one or both fallopian tubes with pelvic extension

ITA Extension and/or metastases to uterus and/or ovaries.
IIB Extension to other pelvic tissues.
1c Tumor either stage IIA or IIB and with ascites containing malignant cells or with

positive peritoneal washings

Stage III: Tumor involving one or both fallopian tubes with peritoneal implants outside pelvis
and/or positive retroperitoneal or inguinal nodes. Superficial liver metastases equal stage III.
Tumor appears limited to true pelvis but with histologically proven malignant extension to

small bowel or omentum

Tumor grossly limited to true pelvis with negative nodes but with histologically

1A
confirmed microscopic seeding of abdominal peritoneal surfaces
Tumor involving one or both tubes with histologically confirmed implants of
11IB abdominal peritoneal surfaces, none exceeding 2 cm in diameter. Lymph nodes are

negative

1IC

Abdominal implants >2 cm in diameter and/or positive retroperitoneal or inguinal
nodes

Stage IV: Growth involving one or both tubes with distant metastases including parenchymal
liver metastases. If pleural effusion is present, fluid must be positive for malignant cells.

Table 1: FIGO staging in PFTSC
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STAGE I: Tumor confined to ovaries

Stage Characteristics
1A Tumor limited to one ovary, capsule intact, no tumor on surface, negative washings.
IB Tumor involves both ovaries otherwise like IA.
1C Tumor limited to one or both ovaries
IC1 Surgical spill (Intraoperative spill)
1C2 Capsule rupture before surgery or tumor on ovarian surface.
IC3 Malignant cells in the ascites or peritoneal washings.

STAGE II: Tumor involves 1 or both ovaries with pelvic extension (below the pelvic brim)

or primary peritoneal cancer

I1A

Extension and /or implant on uterus and/or Fallopian tubes

1IB

Extension to other pelvic intraperitoneal tissues

STAGE III: Tumor involves 1 or both ovaries with cytologically or histologically
confirmed spread to the peritoneum outside the pelvis and /or metastasis to the

retroperitoneal lymph nodes

I1IA

Positive retroperitoneal lymph nodes and /or microscopic metastasis beyond the
pelvis

111A1

Positive retroperitoneal lymph nodes only

111A 1(i)

Metastasis < 10 mm

1A 1(ii)

Metastasis > 10 mm

IIIAZ

Microscopic, extrapelvic (above the brim) peritoneal involvement + positive
retroperitoneal lymph nodes.

I11B

Macroscopic, extrapelvic, peritoneal metastasis < 2 cm + positive retroperitoneal
lymph nodes. Includes extension to capsule of liver /spleen.

I11C

Macroscopic, extrapelvic, peritoneal metastasis > 2 cm + positive retroperitoneal
lymph nodes. Includes extension to capsule of liver /spleen.

STAGE IV: Distant metastasis excluding peritoneal metastasis

IVA

Pleural effusion with positive cytology

IVB

Hepatic and /or splenic parenchymal metastasis, metastasis to extra-abdominal
organs (including inguinal lymph nodes and lymph nodes outside of the abdominal

cavity)

Other major recommendations are as follows:
a) Histologic type including grading should be designated at staging

b) Primary site (ovary, fallopian tube or peritoneum) should be designated where possible
c¢) Tumors that may otherwise qualify for stage I but involved with dense adhesions justify
upgrading to stage Il if tumor cells are histologically proven to be present in the adhesions

Table 2: FIGO staging in EOC
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Appendices C - D of this thesis has been
removed as they may contain sensitive/confidential
content





